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THEME 


The  last  AGARD  meeting  dealing  with  related  topics  was  in  1977,  jointly  with  the  Avionics  Panel:  “Optical  Fibres, 
Integrated  Optics  and  their  Military  Applications".  Seven  years  have  elapsed  and  a  whole  new  technology  has  arisen;  single¬ 
mode  structures  in  the  form  of  optical  fibres  and  planar  waveguides  operating  at  long  wavelength,  1 .3  pm  and  beyond,  with 
minimum  attenuation  and  dispersion.  Fibres  with  attenuation  below  0.5  dB/km,  and  bandwldths  in  the  hundreds  of  GHz-km 
have  opened  up  long  distance,  repeaterless  transmission  on  land  and  underwater;  and  addition,  the  single-mode  structure  has 
bred  a  new  class  of  passive  devices:  sensors  capable  of  detecting  sound,  magnetic  field,  motion,  temperature,  humidity  and 
many  other  characteristics,  all  of  them  approaching  the  theoretical  detection  limit.  Planar  waveguides  built  out  of  dimensions 
less  than  one  micron  capable  of.  confining  light  and  creating  high-power  densities  with  a  few  applied  volts  are  responsible  for 
new  active  components:  single  mode  high  efficiency,  long-life  chips  operating  at  room  temperature,  electro-optic  switches, 
and  components  capable  of  generating  new  frequencies  through  Raman  scattering  and  other  nonlinear  phenomena. 

The  combination  of  single-mode  structures  and  low  loss  operation  at  1 .3  pm  and  beyond  are  responsible  for  far 
reaching  military  applications  of  tactical  and  strategic  import:  for  instance: 

-  Rapidly  deployable  tactical  communication. 

-  Undersea  surveillance  systems. 

-  interferometric  and  evanescent  coupling  sensors,  in  particular  fibreoptic  gyroscopes,  magnetometers,  and 
hydrophone*. 

The  new  technology  and  the  resultant  military  systems  and  components  formed  die  basis  of  this  meeting.  This 
Specialists’  Meeting  brought  together  experts  from  the  military,  academia  and  industry'  to  combine  and  unify  the  technology 
mid  the  military  applications. 


*  *  * 


La  demicre  reunion  AGARD  tiaitant  de  sujets  apparent^  fut  organise  en  1977  en  association  avec  lc  Panel 
Avioniques.  Le  theme  en  6tait  “Fibres  Optiqucs,  Optique  lntigrde  et  leurs  Applications  Milltaires”.  Sept  annies  se  sont 
icoulies  depuis  cette  date,  et  toute  une  technologic  nouvelle  a  pris  naissance:  les  structures  &  mode  simple  sous  forme  de 
fibres  optiques  et  de  guides  d’ondes  planaires  fonctionnant  it  de  grandes  longueurs  d’ondcs  (1 ,3  pm  et  au  del&>  avec  une 
attenuation  et  une  dispersion  minlmales.  Les  fibres  caractlrisees  par  une  attenuation  Infcrieure  it  0,5  dB/km,  et  des  bandes 
passantes  de  I’ordre  de  plusieura  centaines  de  GHz-km  ont  ouvert  la  vole  aux  transmissions  longues  distances  sans  repeteurs 
sur  terre  et  sous  I’eau.  En  outre,  la  structure  it  mode  simple  it  donn6  naissance  it  une  nouvelle  classe  de  dispositifs  passifs ;  des 
senseurs  capables  de  detecter  1<>.  son,  le  champ  magnetlque,  le  mouvement,  la  tempernture,  l’humidlte  et  blen  d’autres 
caracteristiques  approchant  toutes  de  la  limite  theorique  de  detection.  Des  guides  d’ondes  realises  dans  des  dimensions 
inferieures  it  un  micron,  capables  de  renfermet  la  lumiirc  et  de  erfer  des  puissances  volumiques  eievees  avec  application.!  de 
quelques  volts,  sont  ii  I’origine  de  nouveaux  composants  aclifs:  des  "chips"  laser  it  mode  simple,  de  rendement  eieve,  de 
grande  longevite,  fonctionnant  h  la  temperature  ambiante,  des  commutateurs  eiectro-optlques  et  des  composants  capables  de 
produirc  do  nouvelle  frequences  par  diffusion  Raman  et  autres  phunomfcnes  lindaires. 

L’association  dc  structures  it  mode  simple  et  d’un  fonctionnement  a  faible  taux  de  perte,  &  1,3  pm  et  au  delh,  permet 
d’envisager  des  applications  milltaires  de  grande  envergure,  et  d’lmportancc  tactique  et  strateglque,  comme  par  exemple: 

■-  Des  communications  tactiques  u  deployment  rapide. 

—  Des  systimes  de  surveillance  sous-marine. 

—  Des  senseurs  de  couplage  interferometrlques  et  evnnescents,  en  particulier  des  gyroscopes  en  milieu  fibre,  des 
magnetometres  et  hydrophones, 

Cette  technology  nouvelle  aiitsi  que  les  systimes  de  composants  militaires  qui'en  ont  resulte  constituent  la  base  de  la 
reunion  qul  vous  a  etc  presentee.  A  cette  reunion  de  specialistes,  ont  pris  part  des  experts  militaires,  universitalres  et 
Industrie^  qui  se  sont  efforces  d’assocler  et  d’unifler  la  technology  et  ses  applications  militaires. 


EDITORS’  INTRODUCTION 


The  AGARD  meeting  on  “Guided  Optical  Structures  in  the  Military  Environment",  held  in  Istanbul,  Turkey,  provided 
the  participants  with  a  broad  up-to-date  survey  of  the  progresses  recently  achieved  in  two  very  important  sectors  of  civil  and 
military  applications:  fibre  optic  communications  and  fibre  optic  sensors.  Many  experts  from  leading  industries  in  Canada, 
Europe  and  the  United  States,  various  universities,  and  government  laboratories  attended  the  meeting  and  contributed  to 
create  a  particularly  lively  and  productive  scientific  atmosphere. 

To  many  participants  who  believed  fibre  optics  technology  and  development  had  reached  a  plateau,  this  meeting 
showed  that  the  field  is  still  expanding,  especially  as  far  as  sensors,  devices  and  new  fibre  materials  are  concerned.  For 
example,  the  exploiting  and  control  of  various  kinds  of  nonlinear  optical  effects  allow  us  to  foresee  a  number  of  new 
applications  where  fast  response  and  low  power  requirements  play  a  fundamental  role.  The  performance  of  fibre  sensors 
such  as  fibre  gyros  are  rapidly  approaching  theoretical  limits;  in  addition  sources,  modulators  and  detector  are  now  capable 
of  furnishing  bandwidth  beyond  1 5  GHz.  The  investigation  of  new  materials  for  infrared  waveguides,  with  expected  losses  of 
10  dB/km  in  the  2.55  pm  region,  also  aroused  a  great  deal  of  interest  in  the  audience  for  its  potential  in  long  repeaterless 
telecommunication  links.  Traditional  optical  fibre  communication  systems  have  been  shown  to  have  reached  a  degree  of 
technological  maturity  and  reliability  which  make  them  particularly  valuable  in  connection  with  tactical  and  military 
applications. 

In  conclusion,  the  meeting  was  fruitful  as  it  presented  a  balanced  blend  between  advanced  research  and  applications, 
and  left  the  attendees  with  a  favourable  impression  of  the  relevance  and  timing  of  the  work  they  are  pursuing. 
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The  AGARD  meeting  on  "Guided  Optical  Structures  in  the  Military  Environment”  held  In  Istanbul,  Turkey  was 
divided  into  four  sessions;  Sensors,  Devices  and  Techniques,  Glass  Fluoride  and  Crystalline  Fibres,  and  Communications. 

The  technical  content  of  each  of  the  sessions  was  fairly  advanced,  and  the  quality  of  the  papers  and  of  their  presentation 
consistently  high.  Because  of  the  remoteness  of  the  meeting  place,  the  size  of  the  audience  was  small,  about  eighty 
participants.  However,  this  small  size  coupled  with  the  specialized  nature  of  the  talks  contributed  to  create  a  sense  of 
closeness  among  the  participants  which  gave  rise  to  a  lively  scientific  atmosphere  and  allowed  for  a  lot  more  personal 
discussions  and  interactions. 

The  first  session,  “Sensors”,  concentrated  on  fibre  gyros.  The  French,  English  and  American  groups  presented  a  very 
up-to-date  overview  of  the  state-of-the-art  and  Illustrated  their  specific  projects;  the  audience  was  introduced  to  the  very 
core  of  the  current  problems  and  was  able  to  make  a  comparison  with  the  more  conventional  mechanical  and  laser  gyros. 
That  session  also  produced  review  papers  on  fibre  optical  sensors  that  amply  covered  other  types  of  sensors  (acoustic, 
magnetic),  thus  broadening  its  scope. 

The  second  session  reviewed  significant  engineering  progress  in  devices  and  techniques.  The  talks  were  basically 
technology  oriented,  except  for  theoretical  papers  on  nonlinear  optics  with  applications  to  a  number  of  new  devices.  The 
quality  of  the  speakers  was  good,  and  they  were  able  to  convey  a  feel  for  the  technical  problems  encountered  in  producing  a 
good  device,  as  for  example  an  R.F.  spectrum  analyzer.  The  general  impression  was  that  of  confidence  in  the  possibility  of 
realizing  practical  telecommunication  applications  in  the  near  future. 

The  third  session,  although  the  shortest,  was  the  most  exciting  one;  it  was  entirely  devoted  to  new  materials  for  infrared 
waveguide.  This  new  technology  will  have  a  significant  impact,  particularly  in  transoceanic  telecommunication  systems, 
because  of  the  low  losses  exhibited  by  some  of  the  new  materials;  it  may  also  have  application  in  endoscopy,  laser  machining, 
remote  IR  spectroscopy,  and  so  on.  In  addition,  the  possibility  of  new  devices  appears  promising  thanks  to  the  development 
of  single  crystal  fibres  that  use  a  technique  which  transforms  high  melting  oxides  in  short  length  single  crystal  fibres. 

The  last  session  dedicated  to  applications  helped  the  audience  to  assess  present  results,  and  pointed  out  the  potentials 
of  optical  fibres  in  solving  a  number  of  practical  problems,  especially  in  the  military  environment:  for  instance,  a  fibre  optic 
based  radar  system  and  a  missile-borne  imaging  device. 

In  conclusion,  the  meeting  served  the  dual  purpose  of  1)  presenting  an  up-to-date  review  of  the  latest  developments  in 
fibre  optics  that  impact  military  applications,  and  2)  disseminating  technical  information  among  the  NATO  scientific 
community  and  providing  international  synergy  to  the  solution  of  military  problems. 
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SUMMARY  OF  SESSION  I 
8IN80RS 
by 

0. Winter,  Uhstrman 

Senior*  baled  on  guided  optical  itruoturei  -  ■  technology  which  li  Inoreaiingly  being  talked  about •  After 
optloal  communications,  thla  type  of  aenoorloa  oonatltutoa  another  important  application*  area  of  wavegui¬ 
de  optica.  In  practice  of  oourae,  optical  aenaora  are  alwaya  uted  In  oonjuetlon  with  optical-fiber  route* 
for  transmitting  meaaured  aignala.  An  example  la  n  lection  of  proaaure-sanai tive  fiber  which  la  spliced 
Into  the  meaauring  aone  between  two  sections  of  preasure-inaeniitiv*  tranamiaalon  fiber.  It  la  only 
faahlonable  to  try  to  find  optloal  element*  reaponsive  to  atlmull  for  all  kind*  of  senior* .  or  la  it  the 
advantage*  of  this  new  technology  that  apark  intensive  activity  in  thla  area?  Both  explanation*  are  right. 
The  benefits  include,  in  many  cases,  amall  senior  volume  and  weight,  increased  aenaillvlty  to  the  parame¬ 
ter  to  be  meaaured,  no  maintenance,  ruggedneae,  no  warmup  time  and,  finally,  undisturbed  tranamiasion  of 
the  meaaured  signal  through  eleotromagnetically  polluted  surrounding!.  Two  classes  of  optloal  aenaora  com¬ 
plement  waoh  other i  the  aimple  and  already  widely  distributed  amplitude-mode  aenaora,  and  interferometric 
aenaora,  In  the  former,  the  intensity  of  the  transmitted  light  signal  la  amplitude-modulated  by  the  measu¬ 
red  parameter,  whereas  the  latter  can  deteat  even  extremely  small  changes  in  light  phase  oaused  by  the 
meaaured  parameter  affeoting  the  optical  path  in  the  interferometer.  T.Q.  Ciallorenai  presented  an  intro¬ 
duction  to  optical  sensor  technology,  which  is  of  particular  interest  to  military  application*,  and  alao 
explained  the  market  situation  with  ita  strong  growth  rate*  and  the  atata-of-the-art  at  Naval  Research 
Lab*. 

Session  I  -  Seniors  occupied  the  entire  first  day  of  the  conferenoe,  with  ten  lectures.  In  terms  of  num¬ 
ber*,  the  contribution*  on  optical  gyro*  predominated.  The  atrong  R&D  activity  as  well  as  the  market  com¬ 
petition  in  this  sector  are  clearly  reflected  by  the  confuaing  plethora  or  acronym*  for  the  various  gyro 
systems!  FOB,  AFOQ,  DFOO,  MOO,  RLQ  eto. . 

The  conference  participant*  focuaed  their  attention  particularly  on  three  contributions  during  this  ses- 
alon.  In  their  paper  on  "Comparison  of  ring  lasers  and  flber-optio  gyro  technology",  E.  Udd,  S.F.  Watanabe 
and  n.F.  Cahill  presented  results  obtained  with  both  type*  of  optical  gyro  and  explained  the  requirement* 
of  the  various  product  application  area*.  "Rat*  grade  gyro*"  are  the  domain  of  fiber  gyros,  "inertial  na¬ 
vigation  grad*  gyro*"  that  of  ring  laser  gyros.  "Taotioal  grade  gyro*"  represent  the  principal  field  of 
current  competition  between  these  two  types  of  gyro.  The  fiber  gyro's  less  attractive  performance  date, 
auch  a*  its  zero  stability  of  0.1-10  deg/h  (as  against  0.01  deg/h  for  laser  gyros)  must  be  even  more 
strongly  countered  or  overridden  by  its  other  strenght*  such  a*  cost  benefits,  small  dimenalons,  weight, 
power  requirementa  and  design  flexibility.  In  their  paper  on  "Progress  in  optical  fiber  gyrosoopes  using 
integrated  optica"  (ref.9A),  H.C.Lefevre,  J.P.  Bettinl,  S.Vatoux  and  M.Papuchon  showed  that  considerable 
progress  had  meanwhile  been  made  in  the  development  of  fiber  gyro*. 

A  devloe  from  Thomson  CSF'a  oentral  laboratoriea  with  a  small  housing  35  mm  in  height  and  100  mm  in  diame¬ 
ter  1*  almoat  ready  for  full-acale  production.  It  contain*  a  fiber  coil,  transmitter,  receiver,  fiber  cou¬ 
pler  and  an  integrated-optical  lithium  niobate  circuit  (power  divider,  polarizer  snd  phase  modulator). 
The  gyro  has  a  signal  drift  of  0.12  deg/h  and  can  be  further  improved.  A  apeolal  feature  is  the  modulator 
controlled  by  an  incremental,  digitally  generated  voltage  ramp.  This  allows  simpler  evaluation  of  the  pha¬ 
se  shift  generated  by  the  modulator  and  thus  of  the  gyro'a  rotational  speed.  An  original  contribution  was 
made  by  J.P,  Dakin  and  C.A.  Wade  on  evaluating  the  signals  of  a  hydrophonic  array  by  a  time  multiplexing 
method  with  the  aid  of  optical  time  domain  reflectometry  (OTDR), 

It  w»s  presented  in  their  paper  entitled  "Progress  with  multiplexed  sensor  arrays  baaed  on  refleotion  at 
spliced  Joints  betwsen  aenaora".  Optical  pulae  pairs  generated  with  the  aid  of  a  Bragg  cell  can  be  cohe¬ 
rently  deteoted  after  reflection  at  looal  splices  inserted  between  the  aenaor'e  fiber  coil*  specifically 
for  this  purpose. 

The  brief  discussion  which  concluded  the  ten  lectures  on  sansora  seemed  to  lack  enthusiasm. 

What  were  the  reason*  for  thla?  Did  the  chairman'*  prompting  lack  fir*  or  did  the  participant*  find  the 
firat  day  of  the  conference  after  arrival  long  enough  and  the  "warmup"  time  too  short,  or  had  the  leotu- 
rera  failed  to  work  out  clearly  enough  the  relevance  of  their  subjeot  to  the  field  of  military  applica¬ 
tions?  All  these  factors  may  have  played  their  part,  au  well  as  the  fact  that  the  uaers  had  been  insuffi¬ 
ciently  insistent  in  telling  the  developers  exactly  what  they  wanted  and  needed.  And  yet,  if  we  regard 
this  meeting  as  a  mirror  reflecting  the  activities  covered  by  the  major  cpeclallst  conferences  in  the  field 
of  optical  fiber  sensor  (OFS)  technology,  it  is  well  to  state  that  the  audience  in  Istanbul  could  obtain 
from  it  an  undlstorted  picture  of  the  state-of-the-art  of  this  still  young  and  exoiting  technology. 
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PROGRESS  IN  OPTICAL  FIBER  SENSORS 

by 

T.G.Glullorenzi 
Naval  Research  Laboratory 
Washington,  DC  20375-5000 


ABSTRACT 

A  review  of  the  status  of  Optical  Fiber  Sensor  Technology  is  presented  and  the  effects  of 
laser  noise  and  demodulation  techniques  on  performance  are  reviewed.  Recent  work  on  the 
development  of  fiber  telemetry  scheme  for  use  with  optical  fiber  sensors  is  also  detailed, 


I  INTRODUCTION 

Based  on  recent  technological  progress,  Optical  Fiber  Sensor  technology  is  on  the  verge  of  commercialization, 
Recent  market  forecasts1  predict  a  hundredfold  increase  in  the  size  of  the  fiber  sensor  market  by  1 993.  The  basis  of  these 
forecasts  Is  the  fact  that  many  optical  fiber  sensors  (OFS)  have  been  demonstrated  with  competitive  performance  and 
cost  projections.  These  sensors  appear  to  have  found  unique  applications  in  laboratory  Instrumentation  where  extreme 
sensitivities,  hostile  environment  operation  and/or  probe  compactness  are  principal  prerequisites  to  their  use.  Fiber 
sensors  permit  probing  of  perturbations  In  inaccessible  locations,  in  the  presence  of  high  electrical  and  magnetic  fields, 
and  In  corrosive  and  other  hostile  environments. 

In  control  systems,  fiber  sensors  arc  suited  for  machinery  and  process  monitoring  and  have  been  demonstrated  to 
possess  adequate  sensitivity.  Presently  several  machine  manufacturers  offer  optical  fiber  sensors  as  options  whereas  wide 
utilization  awaits  detlnitive  demonstrations  of  their  advantages.  This  is  expected  to  be  realized  when  fiber  sensors  arc 
integrated  with  optical  fiber  telemetry  to  provide  a  "dielectric"  control  system  which  can  operate  in  particularly  noisy  or 
hostile  environments.  Power  plants  and  heavy  machinery  manufacturing  facilities  appear  to  be  prime  candidates  for  early 
usage.  Optical  telemetry  also  provides  unique  capabilities  to  remotely  sense  hazardous  environments.  Detection  of 
explosive  gas  accumulation  in  Inaccessible  and/or  remote  locations  is  readily  accomplished  with  fiber  optics  while  at  the 
same  time  eliminating  the  dangers  of  sparking  from  electrical  sensor  or  telemetry  shorts. 

Medical  instrumentation  bused  on  fiber  sensors  has  been  developed  and  has  begun  to  find  clinical  and  laboratory 
use.  While  no  breakthrough  in  market  development  is  yet  predicted  in  this  area,  it  is  generally  realized  that  fiber  sensors 
are  ideally  suited  for  invasive  probing  because  of  their  small  size  and  biochemical  inertness,  These  sensors  presently  offer 
competitive  capabilities  and  when  further  developed  should  be  as  common  place  as  endoscopes.  Finally,  the  military  is 
examining  the  use  of  fiber  sensors  and  has  actively  pursued  the  development  of  several  sensor  types.  Control  systems 
sensors  and  monitor  sensors  (damage  control,  fuel  status,  etc.)  are  being  evaluated  and  arc  expected  to  find  application. 

With  the  technical  progress  of  the  past  several  years  along  with  the  appearance  of  several  important  applications,  the 
basis  for  the  use  of  fiber  sensors  will  gradually  grow,  first  with  specially  applications  where  some  unique  fiber  sensor 
attribute  makes  them  the  device  of  choice,  then  eventually  with  common,  widespread  functions  when  the  marriage  of 
fiber  sensors  and  telemetry  is  fully  realized. 

In  the  following  sections,  a  brief  review  of  sensor  progress  and  trends  will  be  presented.  Discussion  will  then  centei 
on  demodulation  techniques  and  injection  laser  noise.  Potential  telemetry  configurations  currently  under  study  for  use 
with  OFS  will  be  described. 


11  SENSOR  DEVELOPMENTAL  TRENDS 
(A)  Amplitude  Mode  Sensors 

In  this  class  of  sensors,  the  light  intensity  transmitted  by  optical  fibers  is  amplitude  modulated  by  the  perturbation 
under  study.  This  class  of  sensor  has  been  widely  developed  and  is  being  evaluated  for  use  in  flight  controls,  industrial 
process  monitoring,  medical  probes,  laboratory  instrumentation  to  name  a  few  applications.  Because  amplitude 
modulation  sensors  are  easy  and  cheap  to  fabricate,  many  laboratories  have  developed  devices  of  this  type;  however, 
packaging  and  tailoring  these  devices  for  specific  applications  has  been  somewhat  more  limited.  Current  research  und 
development  has  now  shifted  from  simple  demonstration  of  amplitude  sensors  to  perfecting  these  devices  for 
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incorporation  into  specific  applications,  For  example,  a  high  temperature  microbend  pressure  sensor  has  been  developed 
by  Babcock  and  Wilcox2  for  use  a  flight  control  systems.  The  sensor  (Figure  1)  was  characterized  up  to  ±  690  kPaand 
temperatures  to  540'C.  The  experimental  data  showed  a  linear  dependence  on  the  applied  pressure  and  a  minimal  offset 
und  slope  cnange  when  the  temperature  was  varied.  These  variations  will  be  calibrated  out  before  the  sensor  is  used  in 
flight  applications.  This  work  illustrates  the  shift  in  seni  or  development  to  qualify  OFS  over  the  full  range  of 
requirements  for  specific  apportions. 

A  second  trend  which  will  be  described  in  greater  detail  later  is  the  use  of  OFS  with  fiber  telemetry.  A  representative 
example  of  fiber  sensor  telemetry  is  a  remote  gas  sensor  for  Ch«  and  C,H„  which  used  a  20  km  optical  fiber  for  remote 
sensing1.  Adequate  sensitivities  were  demonstrated  and  the  uge  of  the  fiber  remote  sensor  permits  probing  in  hostile 
(corrosive  gases,  heat,  etc.)  environments. 

(B)  Gyroscope 

The  development  of  optical  fiber  gyros  has  progressed  to  the  point  where  it  now  appears  certain  that  they  wilt 
impact  many  inertial  navigation  and  control  applications.  The  attractiveness  of  these  devices  arises  from  their  potential 
for  low  cost,  compact  size,  ruggedness,  extremely  high  sensitivity  and  reliability.  This  last  feature  is  based  on  the  fact  that 
fiber  gyros  possess  no  moving  parts,  Research  and  development  efforts  to  date  have  concentrated  on  the  demonstration 
of  gyro  sensitivity  whereas  the  more  recent  efforts  have  not  shifted  to  dynamic  range,  linearity,  scale  facte;  -lability  and 
packaging  issues. 

Nonreciprocal  Generated  Noise  Sources.  A  Sagnac  interferometer  measures  nonreciprocal  effects,  i.e.  the  sign  of  the 
phase  shift  of  the  light  depends  on  the  direction  of  propagation  in  the  fiber  loop.  Non-reciprocal  effects  occurring  in  the 
fiber  such  as  the  Faraday  effect  and  the  nonlinear  Kerr  effect,  produce  nonreciprocal  phase  shifts  that  a  Sagnac 
interferometer  will  measure.  These  latter  effects  appear  as  noise  sources  and  must  be  minimized. 

The  caraday  effect,  which  is  a  magnetically  induced  rotation  of  the  optical  polarization,  is  observed  if  the  fiber  loop 
is  placed  in  a  field  gradient,  or  if  the  optical  polarizadon  changes  its  orientation  as  the  light  propagates  around  the  loop. 
Since  this  effect  is  indistinguishable  from  a  Sagnac  signal,  it  results  in  noise  and  zero  shifts  in  the  gyroscope  output.  Both 
magnetic  shielding  and  polarization-holding  fibers  have  been  used  to  reduce  Faraday  effects  in  fiber  gyroscopes  to 
acceptable  levels, 

The  Kerr  effect  is  an  optical-intensity-lnduced  nonreciprocity.  At  high  optical  intensities,  the  propagation  constants 
for  the  counterpropagating  beams  become  intensity  dependent.  This  is  a  nonlinear  optical  effect  related  to  four-wave 
mixing  that  has  found  application  in  nonlinear  spectroscopy,  in  particular,  when  the  counterpropagating  beams  have 
unequal  intensities,  the  propagation  constants  become  unequal  and  cause  a  nonreciprocal  phase  shift  indistinguishable 
from  the  Sagnac  effect.  This  effect  has  been  minimized  by  the  use  of  a  broadband  laser  or  superiuminescent  diode  source 
with  a  broad  frequency  spectrum.  When  summed  over  the  wavelength  components  of  such  a  source,  the  Kerr-induced 
phase  shift  averages  to  zero. 

Fiber  Based  Noise  Sources.  There  are  additional  difficulties  which  arise  from  the  Input  coupler  and  the  nature  of 
single-mode  fiber,  and  result  in  nonreciprocal  operation.  For  reciprocal  jyro  operation  the  counter propagating  beams 
should  possess  identical  optical  polarization  states  and  should  travel  a  common  path.  This  means  that  the  beams  should 
enter  and  exit  the  fiber  coupler  through  a  common  pert.  The  polarization  state  may  be  specified  by  a  polarizer  placed 
before  the  fiber  coupler. 

The  setup  with  a  polarizer  provides  the  output  Sagnac  signal  2+,.  A  mathematical  analysis  shows  that  the  signal 
obtained  from  the  unused  port  of  the  original  Sagnac  beamsplitter  (or  coupler)  has  an  additional  phase  bias  or  zero  shift 
added  to  the  Sagnac  signal  2*,.  This  additional  phase  bias  depends  on  the  detailed  properties  of  the  coupler  and  is 
environmentally  sensitive  leading  to  large  drifts.  Therefore  only  the  input  port  of  the  interferometer  is  monitored. 

Polarization  mode  coupling  In  the  fiber  is  a  second  source  of  non-reciprocal  noise  in  the  gyro.  A  single-mode  fiber 
actually  supports  two  polarization  modes  that  have  very  similar  transverse  mode  structures  but  that  are  polarized  at  90' 
to  each  other.  In  ordinary  single-mode  fiber,  slight  ellipticities  In  the  core  of  the  fiber  cause  these  polarization  modes  to 
have  slightly  different  propagation  velocities,  Coupling  between  the  polarization  modes  is  caused  by  fiber  bends  or  jacket 
pressure  and  is  very  sensitive  to  thermal  and  acoustic  fluctuations.  Nonreciprocal  gyro  operation  results  when  one  beam 
travels  one  path  between  the  polarization  modes  and  the  counter-rotating  beam  travels  a  different  one.  Because  of  the 
rapid  temporal  fluctuations  of  the  mode-coupling  centers,  the  nonreciprocal  output  of  the  Sagnac  interferometer  due  to 
this  effect  appears  as  noise  and  is  referred  to  as  polarization  noise.  The  most  straightforward  solution  to  this  problem  is 
achieved  by  using  high-birefringence  polarization-maintaining  fibers  which  are  now  available  from  several 
manufacturers. 

The  final  noise  source  resulting  in  the  fiber  is  due  to  Rayleigh  back-scattering.  Rayleigh  backscattering  occurs  when 
light  is  reflected  from  microscopic  density  fluctuations  in  the  fiber,  and  the  next  backreflected  signal  Is  the  sum  of  each 
component  from  each  segment  of  the  fiber.  If  a  coherent  laser  is  used  there  is  coherent  summation  of  scattered  light.  The 
composite  phase  from  all  the  scattering  centers  is  influenced  by  thermal  and  acoustic  perturbations  along  the  fiber, 
resulting  in  the  backscattered  signal  becoming  a  rapidly  time-fluctuating  quantity.  In  fiber  gyroscopes  the  Rayleigh 
backscattered  components  mix  with  the  counterpropagating  beam,  and  after  Interference  are  indistinguishable  from  a 
Sagnac  Bignal.  Since  Rayleigh  bsckscattering  is  a  coherent  effect,  it  may  readily  be  reduced  if  the  coherence  of  the  laser  Is 
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reduced.  This  was  successfully  achieved  by  the  use  of  superluminescent  diodes.  The  point  of  using  a  limited  coherence 
source  is  that  such  a  source  has  adequate  coherence  to  measure  the  very  small  Sngnac  phase  shifts  due  to  rotation  since 
the  counter-rotating  beams  travel  almost  identical  pathlengths  (within  a  few  microns),  but  that  its  limited  coherence 
reduces  the  magnitude  of  many  noise  sources,  such  as  Rayleigh  scattering  by  limiting  the  amount  of  scattered  noise  that 
can  coherently  add  at  the  detector, 

Sensitivity  and  dynamic  range,  The  theoretical  sensitivity  of  the  fiber  gyro  is  illustrated  in  Figure  2,  along  with 
currently  achieved  results.  The  quantum  limit  of  sensitivity  in  fiberoptic  gyroscopes  is  caused  by  shot  noise  in  the  optical 
detector.  Since  shot  noise  has  a  white  noise  spectrum,  a  random  drift  coefficient  can  be  derived,  which  is  usually 
expressed  as  units  of  degrees  over  the  square  root  of  time  in  hours.  The  theoretical  performance  of  fiber  gyros,  when 
determined  in  this  fashion,  appears  to  exceed  the  equivalent  theoretical  performance  of  ring  laser  gyroscopes. 

The  current  status  of  high-sensitivity  rotation  detection  is  illustrated  by  a  fiber  gyroscope  recently  demonstrated  at 
the  Naval  Research  Laboratory.  This  device  used  polarization-holding  fiber  in  the  coil  and  Sagnac  coupler.  The  fiber 
length  was  430  m  wound  on  a  16-cm  radius  drum  and  had  a  sensitivity  of  5  x  10*  4'*hr.  This  and  other  experiments  have 
shown,  at  least  in  a  laboratory  environment,  that  the  fiber  optical  gyro  can  operate  at  the  level  required  for  navigational 
quality  strapdown  inertial  systems. 

One  of  the  most  serious  current  limitations  in  the  use  of  a  passive  fiber  gyroscope  is  the  limitation  on  linear  dynamic 
range  cause  by  an  output  proportional  to  sin  2$,,  At  large  rotation  rates  the  sin  function  is  non-linear,  and,  for  2$,  values 
of  near  90*,  sensitivity  to  changes  in  rotation  vanishes,  Between  a  noise  floor  and  a  linearity  limit  of  ppm  the  linear 
dynamic  range  of  about  four  decades  is  obtained.  For  rotation  rates  exceeded  10*  times  the  noise  floor  gyro  output  is  very 
non-linear.  Since  many  initial  navigation  applications  require  five  to  six  decade  of  linear  dynamic  range,  this  difficulty 
currently  represents  one  of  the  major  problems  to  implementation.  Two  strategics  have  been  developed  for  solving  this 
problem,  signal  nulling  and  signal  processing. 

In  the  signal-nulling  approach,  an  output  phase  shift  is  artificially  generated  of  equal  magnitude  but  opposite  sign  to 
the  Sagnac  phase  shift  so  that  the  gyro  is  always  operating  about  its  zero  point,  where  it  is  linear.  The  rotation  rate  signal  is 
derived  from  the  nulling  signal  required.  The  dynamic  range  is  only  limited  by  the  ability  to  generate  the  phase-nulling 
signal.  The  most  popular  implementation  of  this  approach  is  the  use  of  an  acoustic-optic  Bragg  cell  in  the  fiber  loop, 
which  frequency-shifts  the  light  passing  through  it  in  one  direction  relative  to  the  counter  propagating  beam.  This 
frequency  shift  is  seen  as  a  phase  shift  in  tho  output  which  is  used  to  null  the  total  output  signal.  A  feedback  loop  from  the 
derector  is  used  to  drive  the  Bragg  cell  and  also  provide  a  frequency  output  signal,  in  which  frequency  is  proportional  to 
rotation. 

The  phase-nulling  gyro  simulates  a  ring  laser  gyroscope,  in  that  a  frequency  difference  between  counterpropagating 
beams  is  proportional  to  rotation.  This  is  expressed  by  the  output  equation 


Unfortunately  fiber  index  of  refraction  n  appears  explicitly  in  this  equation  whereas  previously  it  did  not.  Due  to  the 
temperature  dependence  of  n,  thermal  drift  problems  are  introduced  and  make  it  more  difficult  for  this  type  of  gyro  to 
operate  stably  over  a  broad  temperature  range. 

Another  approach  to  the  linear  dynamic  range  problem  is  to  apply  some  type  of  signal  processing  to  linearize  the  sin 
output.  The  accuracy  and  speed  with  which  these  processes  can  be  carried  out  are  of  great  interest  because  this  technique 
avoids  the  addition  of  extra  optical  components  in  the  gyro. 


(C)  Mach  Zehnder  Interferometric  Sensors 

These  sensor  types  have  been  widely  researched  and  together  with  the  Sagnac  sensor  offers  the  potential  for 
extremely  sensitive  devices.  Table  I  presents  a  comparison  of  the  state  of  the  art  of  conventional  sensors  and  the 
theoretical  sensitivity  of  the  fiber  sensors.  Based  on  the  potential  for  major  advances  in  sensor  sensitivities,  many 
research  laboratories  have  pursued  work  on  interferometric  sensors  which  can  be  divided  into  research  on  fiber  coatings 
and  demodulation  schemes.  The  key  to  widespread  applicability  of  interferometric  sensors  is  the  fact  that  the  shift  in 
optical  phase  caused  by  a  particular  environmental  parameter-pressure,  temperature,  magnetic/electric  field,  etc,  can  be 
effectively  controlled  by  application  of  appropriate  jacketing  materials  on  the  optical  fiber,  The  application  of  these 
coatings  usually  involves  straightforward  procedures,  and,  more  importantly,  does  not  affect  the  optical  performance  of 
the  optical  fiber  waveguide.  This  “dissociation”  of  the  waveguide  itself  from  the  designer's  attempt  to  control  its 
sensitivity  is  perhaps  the  most  important  factor  responsible  for  the  rapid  pace  at  which  this  generic  sensor  technology  has 
been  developed. 


For  the  usual  case  in  which  the  perturbing  field  generates  fiber  strains  whoso  wavelengths  are  large  compared  to  the 
fiber  diameter,  the  normalized  phase  shift  is  given  by: 


♦ 


(p,,  +  p„)*r 
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where  e„  e,  are  the  axial  and  radial  strains  induced  in  the  fiber  core,  the  P's  are  the  photoelastic  constants  and 
(0n/dT„)t  is  the  index  variation  of  the  core  with  temperature  at  constant  strain.  Thus,  except  for  the  case  of  temperature, 
the  calculation  of  the  phase  response  of  an  optical  fiber  sensor  is  reduced  to  the  mechanical  problem  of  calculating  the 
strains  communicated  by  the  perturbation  to  the  fiber  core,  and  because  these  strains  depend  strongly  on  the  fiber  jacket 
parameters,  the  sensitivity  can  be  optimized  by  careful  design  of  the  coating. 

For  example,  the  application  of  an  appropriate  coating  to  the  optical  fiber  produces  a  composite  structure  which  can 
provide  substantially  increased  strain  levels  in  the  fiber  core.  This  is  accomplished  for  the  acoustic  case  by  elastomeric 
coatings  with  high  compressibility,  for  magnetic  sensing  with  magnetostrictive  coatings,  for  the  thermal  case  with  large 
linear  expansion  coefficient  materials  and  for  electric  field  sensing  with  piezoelectric  materials.  Elaborate  computer 
programs  now  exist  with  which  to  perform  these  designs. 

The  principles  of  coating  technology  are  now  well  understood  and  materials  research  is  centered  on  reducing  these 
principles  to  practice,  Further  development  of  coatings  and  perfection  of  demodulation  technique  should  permit 
realization  of  the  performances  predicted  in  Table  1  while  at  the  current  time  competitive  performance  with  conventional 
sensors  has  already  been  demonstrated  as  is  illustrated  in  Figure  3.  This  figure  illustrates  sensor  performance  relative  to 
the  theoretically  predicted  performance  for  an  acoustic  sensor. 


Ill  DEMODULATION  TECHNIQUES 

In  a  Mach-Zehnder  sensor,  one  of  the  fiber  arms  of  the  interferometer  serves  as  the  signal  arm,  the  other  as  the 
reference  arm.  The  resulting  optical  phase  shift  is  converted  interferometrically  to  an  Intensity  signal.  The  design  of  the 
demodulation  scheme  is  made  non-trivlal  by  the  presence  of  low  frequency  random  temperature  and  pressure 
fluctuations  which  the  arms  of  the  interferometer  experience.  These  fluctuations  produce  differential  drifts  between  the 
arms  of  the  interferometer.  The  drift  causes  changes  in  the  amplitude  of  the  detected  signal  (signal  fading),  as  well  as 
distortion  of  the  signal. 

The  purpose  of  tlu  demodulation  scheme  in  fiber  optic  interferometers  is  to  transform  the  optical  output  of  the 
Interferometer  Into  an  electrical  signal  proportional  io  the  amplitude  of  the  relative  phase  shift.  Typical  requirements  of 
the  detection  scheme  are:  to  be  able  to  resolve  signals  corresponding  to  10" &  rad  phase  shift,  to  have  a  linear  response 
and  to  hove  a  large  dynamic  range  {10s  •*  107).  Specific  requirements  such  as  packaging  and  low  power  consumption  are 
also  important.  In  this  paper,  we  will  concentrate  on  two  new  techniques  using  laser  tuning;  passive  homodyne 
techniques  and  (3  x  3)  directional  couplers.  Each  of  these  schemes  have  achieved  prad  performance;  however,  each 
scheme  has  specific  advantages  and  disadvantages  which  will  be  briefly  described  below. 

The  homodyne  scheme  (referred  to  as  phase  swept)  uses  a  large  phase  modulation  (produced  by  laser  tuning) 
applied  to  the  interferometer,  such  that  by  appropriate  beating  and  filtering,  two  signals  with  a  ji/2  relative  phase  shift  are 
produced. 

The  variation  in  the  light  intensity  detected  at  the  output  of  an  interferometer  may  be  written  as 

I  -  A  +  Bcos0(t)  (1) 

where  0(t)  is  tiie  phase  difference  between  the  arms  of  the  interferometer.  The  constants  A  and  B  are  proportional  to  the 
input  optical  power,  but  B  also  depends  on  the  mixing  efficiency  of  the  interferometer.  If  a  sinusoidal  modulation  with  a 
frequency  o>0  and  amplitude  C  is  imposed  on  the  interferometer,  then  ( 1 )  becomes 

1  -  A  +  B  cos  (C  cos  u>„t  +  $(i))  (2) 


where  $(t)  includes  not  only  the  signal  of  interest,  but  environmental  effects  as  well.  Expanding  (2)  in  terms  of  Bessel 
functions  produces 

+  2  2  (- l)kJik(C)cos2kw0t  cos4(t) 

k- 1 

m 

-  2  2  (- l)k  Jjk+ifC)  cos(2k+  l)«0t  sin+(t) 

.  k-ti 

From  this  expression  it  is  clear  that  when  +{t)  -  0,  only  even  multiples  of  u>0  are  present  In  the  output  signal, 
whereas  for  +(t)  -  n/2  rad  (quadrature  condition),  only  the  odd  multiples  of  co„  survive. 


(3) 


In  a  similar  fashion  the  phase  angle  *(t)  can  be  separated  into  a  signal  component  of  frequency  to  and  the 
environmental  drifts  v(t),  (4<t)  “  D  cos  tot  +  qi(t))  and  expanded 

m 

cos+(t)  •  J*(D)  +  2  J  (-if  Jik(D)  cos  2ko)t  Tecs  ip(t) 

k-1 

so 

-  2  2  (- l)kKjk.|(D)cos(2k  +  1)  cot  slnq»{t) 

.  k*» 


(4) 
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sin  <j>(t)  - 


2  I  (-  l)k  J2kt  ,(D)  cos  (k  +  l)wt 
L  k-o 

1 « 

JU(D)  +  2E  (-  l)k  J2k(D)  cos  2kwt 

k-  I 


COSIJl(t) 

sin\p(t) 


(4) 


These  equations  along  with  (3)  show  that  when  i|>(t)  -  0,  even  (odd)  multiples  of  to  are  present  in  the  output  signal 
centered  about  the  even  (odd)  multiples  of  to„.  For  the  case  when  q»(t)  -  Jt/2  rad,  even  (odd)  multiples  of  to  are  present 
about  the  odd  (even)  multiples  of  w„. 

The  sidebands  contain  the  signal  of  interest  and  are  either  present  about  the  even  or  the  odd  multiples  of  <o„,  The 
signal  is  obtained  by  mixing  the  total  output  signal  with  the  proper  multiple  of  to0  and  low-pass  Altering  to  remove  the 
terms  above  the  highest  frequency  of  interest. 

For  the  carder  frequencies  considered  in  the  experiment,  namely  0,  u>0,  and  2u>„,  the  output  signals  after  mixing  and 
Altering  are 

A  +  BJa(C)cos<|>(t) 

BGJ,(C)sin*(t)  (5) 

-  BHJJj(C)  cos  t(t). 

respectively,  and  where  G  and  H  are  the  amplitude  of  the  mixing  signals  for  co„  and  2<o„. 

In  order  to  obtain  a  signal  that  does  not  fade  as  a  function  of  undesired  fluctuations,  two  eigitnls,  one  containing  the 
sine  t(t)  and  the  other  cosine  |(t)  are  utilized.  The  time  derivative  of  the  sine  and  nrtsine  terms  are  cross  multiplied  wllii 
the  cosine  and  sine  terms,  respectively,  to  yield  the  desired  sine  and  cosine  squared  terms.  The  process  will  be  illustrated 
by  considering  the  output  signals  for  u„  and  2<u„.  The  time  derivative  of  these  are  obtained  from  (5)  and  are  given  by 

BOJ,(C)4(t)  co*4(t) 

BHJ:(C)t(t).  (6) 

Multiplying  this  by  the  signal  for  the  other  frequency  produces  B^GH^C^C)  ^(t)  casJ$(t) 


and 


-  B,GHJl(C)Ji(C)^(l)  *inJ  ♦(t).  (7) 

Subtracting  gives 

BJGHJ,(C)Jj(C)+(t)(sinJWt)  +  coaJ*(t)) 

-  BJGHJ,(C)Jj(C)^(t).  (8) 

This  output  can  then  be  Integrated  to  produce  the  signal  $(t)  which  includes  all  of  the  drift  information  In  addition  to 
the  actual  signal.  This  scheme  has  the  advantage  of  having  no  reset  problem.  Thir.  scheme  requires  an  AOC  (owing  to 
polarization  fading)  and  may  have  a  somewhat  limited  frequency  range  (two  orders  of  magnitude),  however,  the  tuning 
range  may  be  varied  over  a  fairly  wide  frsqency  range  ( ~  0. 1  Hz  -»  10  kHz). 

The  (3X3)  coupler  passive  scheme  is  potentially  a  true  passive  scheme,  where  the  required  n/2  phase  shift  between 
the  two  outputs  is  achieved  by  replacing  the  conventional  final  (2  x  2)  directior.nl  coupler,  by  a  (3  x  3)  device.  The 
optical  and  electronic  conflguration  is  shown  in  Fig, 4. 

Pi  “  -  ?.Bj(  1  +  cos  8). 

Pii,m, "  B,  +  BjCos8  ±  B3sln^.  (9) 

where  Pn(Pm)  takes  the  plus  (minus)  sign  and  B(  (i  ■  1 ,2,3)  are  constants  dependent  on  the  coupling  coefficients  of  the 
fiber  coupler,  To  obtain  the  required  n/2  phase  difference  required  P1(  and  Pm  were  processed  to  form  the  sum  and 
difference 

P»  "  F* H  +  Pm  ”  2(Bj  +  BjCoaO), 

Pin”  Pii“  Piu“  2B3 sin 8. 

After  signal  processing  one  obtains 

D  “  Ptl  ^lll  “  ^l|P|(! 

-  4B,B]8  cos  8  +  4B3Bj8, 


(10) 
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E  -  /  D  dt  -  +  4B ,  B,sin6  +  4B2B  ,0.  (11) 

Note  that  Is  the  dc  output  of  P„,  P,„.  By  introducing  offsets  in  the  processing  electronics,  B ,  can  be  set  to  zero. 

Then 

D  -  4BjB-6, 


thus 


E  - /Ddt- 4BjB,e.  (12) 

which  is  directly  proportional  to  the  Interferometer's  phase  shift.  It  can  be  seen  from  Eq.  ( 1 1 )  that  unless  the  electronics  is 
correctly  balanced  (i.e.,  B,  -  0)  distortions  will  be  present  in  the  output.  These  equations,  although  derived  for  a  single 
polarization  system,  serve  io  demonstrate  the  principle  of  operation.  In  practice,  small  deviations  from  the  n/2  phase 
shift  (between  P„  and  PUI)  were  observed  as  different  input  polarizations  were  used.  Consequently,  Eq,  (12)  should  be 
multiplied  by  a  factor  cos  \  (where  A  is  the  angular  deviation  from  n/2)  to  allow  for  this  effect. 

As  before,  an  AGC  is  required.  In  general,  the  properties  of  the  (3  x  3)  directional  coupler  determine  the  stability 
and  fidelity  of  the  detection  scheme. 

Noise  in  the  Interferometer  Noise  sources  which  result  in  a  loss  of  sensor  sensitivity  may  be  split  into  three  basic 
groups,  (1)  coherence  length,  (2)  intensity  noise,  and  (3)  phase  noise  frequency  jitter.  Alt  three  parameters4  are  strongly 
dependent  on  light  fed  back  into  the  laser  cavity.  The  amplitude  and  ptiase  of  the  light  fed  back  into  the  laser  cavity  as 
well  as  the  effective  external  cavity  length  are  all  important  in  determining  the  laser's  properties4.  The  free  running  laser 
has  a  coherence  length  of  only  a  few  meters,  requiring  the  sensing  and  reference  fiber  to  be  balanced  to  within  ±  1  m.  The 
amplitud  of  the  laser's  intensity  noise  is  similar  to  that  of  gas  lasers4,  but  has  a  l/f  characteristic  which  may  limit 
performance  at  low  frequencies;  common  mode  rejection  techniques  are  therefore  desirable.  The  interferometer  is 
extremely  sensitive  to  low  frequency  (i.e.,  in  the  signal  band)  jitter  of  the  laser's  emission.  This  quasi-random  noise  source 
(also  with  a  l/f  characteristic)  results  In  noise  in  the  interferometer  which  has  an  amplitude  proportional  to  the  path  length 
difference  in  the  interferometer.  Typical  results  arc  shown  in  Fig, 3  for  a  number  of  different  laser  structures.  The 
measures  were  made  with  an  unbalanced  Mlchelson  interferometer  (this  noise  Is  often  termed  phase  noise).  As  can  be 
seen  from  this  figure  for  p  radian  performance,  path  differences  of  less  than  ~  mm  are  required.  Different  schemes  to 
stabilize  the  laser  output  using  opticnl  feedback  or  electronic  feedback  are  being  considered;  they  will  be  discussed 
briefly  below. 

A  method  to  increase  the  frequency  stability  of  the  laser  is  to  take  the  noise  output  and  form  a  feedback  loop  to  the 
laser's  constant  current  supply.  The  experimental  arrangement  is  shown  in  Fig.6.  The  feedback  circuit  is  adjusted  such 
•hat  when  the  voltage  output  of  the  photodiode  is  equal  to  the  voltage  that  corresponds  to  the  maximum  slope  of  the 
Fabry-Perot  response,  the  error  signal  applied  to  the  diode  laser  is  zero.  However,  when  the  lnsor's  frequency  shifts,  the 
feedback  circuit  imposes  a  current  on  the  constant  bios  current  of  the  laser  proportional  to  the  laser's  frequency 
deviation.  The  frequency  response  of  the  feedback  loop  is  determined  by  the  overall  loop  guilt  of  the  system  and  Is 
adjusted  to  a  maximum  for  stable  operation. 

The  results  of  the  phase  noise  measurement  for  the  free  running  laser  are  shown  in  Fig.7a  (upper  trace).  The 
characteristic  f" 1/2  frquency  dependence  is  observed;  it  should  be  noted  that  the  phase  noise  contribution  was  ~  2.5 
orders  of  magnitude  larger  than  the  contribution  due  to  amplitude  noise,  which  is  shown  in  Fig.7b.  The  lower  trace  in 
Fig,  7a  shows  the  phase  noise  output  when  the  feedback  circuit  Is  switched  on;  a  substantial  reduction  in  the  phase  noise  is 
observed.  Below  5  Hz,  the  noise  is  reduced  by  60  dB  (electrical  noise  power);  at  250  Hz  a  ~  30  dB  reduction  was 
observed.  Despite  the  large  reduction  in  phase  noise,  no  change  in  the  laser's  amplitude  noise  was  observed.  This  is 
similar  to  the  effect  of  optical  feedback  stabilization.  Similar  results  muy  of  course  be  obtained  by  using  a  Mach-Zehndcr 
(bulk  or  fiber)  to  provide  the  stablilizatlon  feedback. 

It  has  been  shown-4  that  the  frequency  and  intensity  instabilities  of  GaAlAs  lasers  are  partly  correlated.  However,  the 
correlation  Is  too  low  to,  for  example,  stabilize  the  frequency  by  stabilizing  the  intensity,''  However,  the  intensity  noise 
emitted  by  the  laser's  front  facet  may  be  substantially  reduced  by  stabilizing  the  output  of  the  rear  facet. 


IV.  TELEMETRY 

Many  of  the  application  areas  for  sensor  technology  involve  a  large  number  o*  sensors.  These  may  be  in  the  form  of 
large  sensor  arrays  as  are  found,  for  example,  in  acoustic  streamers  towed  by  surface  ships  engaged  in  the  exploration  for 
oil  deposits  or  involve  the  distribution  of  a  variety  of  sensor  types  for  control  in  engine,  power  plant,  factory,  or  ship 
control  platforms. 

In  the  design  of  such  sensor  systems,  optical  sensors  and  fiber  telemetry  have  a  clear,  intrinsic  advantage  over 
conventional  electrical  technology.  The  use  of  optical  sensors  and  fiber  optic  telemetry  make  possible  all-optical,  multi¬ 
element  sensor  systems  capable  of  supporting  a  very  large  number  of  high  bandwidth  sensor  devices  witli  no  requirement 
for  electrical  power  away  from  the  processing  platform.  This  derives  from  the  high  transmission  bandwidth  of  the  optical 
fibers,  the  all  optical  nature  of  the  sensors,  and  the  ability  to  remotely  modulate  the  optical  signal  delivered  to  the  sensor. 
These  principles  are  Illustrated  in  Fig.8.  As  for  the  case  of  a  ship  control  system,  shown  in  the  upper  left,  one  complete 
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suite  of  sensor  types  —  liquid  level,  temperature,  smoke,  pressure,  and  discharge  —  is  excited  by  an  optical  liber  carrying 
light  of  wavelength,  X,.  At  a  second  location  n  second  identical  sensor  suite  is  excited  by  an  optical  fiber  carrying  wave 
length  X2,  a  third  suite  X„  and  so  on.  A  single  return  fiber  carries  the  light  back  from  all  sensor  suites,  where  wavelength 
division  demultiplexing  is  used  to  extract  the  signals  from  one  particular  suite.  The  signals  from  each  individual  sensor 
making  up  that  suite  can  be  separated  by  pulsing  the  optical  source  in  a  time  sufficiently  short  compared  to  the  optical 
transit  time  from  adjacent  sensors.  For  each  laser  source  ( 1  milliwatt)  at  X,  and  associated  fiber  pair,  information  from 
approximately  ten  to  fifty  sensors  can  be  collected,  the  exact  number  depending  on  the  desired  sensor  threshold 
detectability.  Thus,  for  a  small  bundle  containing  some  fifty  fibers,  a  high  bandwidth  sensor  system  witlt  as  many  as 
several  thousand  passive  sensors  can  be  deployed  with  no  requirement  for  electric  signals  or  electric  power  away  from 
the  processing  platform. 

This  is  only  one  of  the  many  configurations  possible.  For  example,  in  place  of  wavelength  multiplexing,  frequency 
division  multiplexing  can  be  achieved  by  straightforward  frequency  modulation  of  the  laser  sources  as  shown  In  the  upper 
right  of  Figure  8, 

Research  activity  at  Stanford  University'  and  University  College  London8  on  multiplexing  several  interferometric 
sensors  has  led  to  the  demonstration  of  two  techniques  potentially  capable  of  the  principle  of  operation.  One  arm  of  each 
sensor  loop  (I,  and  I2)  carries  the  sensed  information  In  the  form  of  phase  modulation  on  the  optical  carrier.  1,  and  I2  are 
chosen  to  be  much  longer  than  the  source  coherence  length  Xc  so  that  the  sensed  phase  modulation  will  not  be  converted 
into  detectable  Intensity  modulation  at  the  sensor  output.  The  phase  information  can  still  be  retrieved  by  the  receiving 
loops  which  match  the  respective  sensor  loops  to  within  a  fraction  Xc.  If  [1,  — 12]  is  much  larger  than  Xc,  cross  talk  is 
eliminated,  and  the  detector  at  the  output  of  Lt  reflects  only  the  information  imposed  on  It.  Figure  1 0  illustrates  a 
configuration  to  multiplex  interferometric  sensors  by  utilizing  the  frequency  modulation  schemes  described  by  equations 
1  through  8,  The  principal  attraction  of  this  scheme  is  the  possibility  to  perform  passive  sensing  without  the  use  of 
electrical  components  In  the  sensor  head.1*  By  frequency  modulating  the  laser  and  having  different  path  lengths  within 
each  sensor,  signals  from  each  sensor  may  be  separated.  The  principle  involved  is  as  follows:  for  a  single  sensor  and  n 
periodic  linear  ramp  modulation  of  the  source  frequency,  the  detector  output  will  contain  a  component  oscillating  at  a 
frequency  characteristic  of  the  path  imbalance  of  the  Interferometer,  A  multiple  sensor  system  may  be  multiplexed 
choosing  the  interferometric  sensors  to  have  a  different  path  imbalance  so  that  each  interferometer  may  be  identified  by  a 
particular  frequency  component  in  the  detector  output.  There  will,  of  course,  be  frequency  components  associated  with 
paths  through  two  or  more  interferometers,  and  these  could  occur  at  frequencies  associated  with  other  interferometers  in 
the  system.  The  novel  contribution  made  by  these  authors  is  the  development  of  design  procedures  to  ensure  that  there  is 
no  ambiguity  between  cross-term  signals  and  desired  signals  from  the  interferometers."  These  authors  predict  that  up  to  a 
thousand  sensors  may  be  multiplexed  using  their  scheme." 

Multiplexing  interferometric  sensors  remains  in  an  early  stage  of  development  with  several  issues  to  be  resolved 
such  as  increased  shot  noise  arising  from  serial  multiplexing,  polarization  scrambling  degradation  of  multisensor 
performance  and  cross  talk, 
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Figure  1  Temperuture  compensated  microbend  sensor.  All  dimensions  are  in 
millimeters  and  fibers  are  shown  as  dotted  lines. 
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Figure  4  Schematic  of  the  optical  and  electronic  circuitry  for  a  (3  x  3) 
passive  detection  scheme. 


Figure  5  Noise  output  of  a  Micheison  interferometer  as  a  function  of  path  length  difference 
for  three  types  of  GaAlAs  laser  structures:®,  TJS:  O,  Bh;  o,  CSP. 


Ni-Cd  current  supply 


Figure  7  Frequency  dependence  of  the  laser  diodes  phase  noise  ( 1  Hz  bandwidth)  obtained  using 
output  of  a  Fabry-Perot  interferometer.  Upper  trace;  free  running  laser;  lower  trace; 
with  current  feedback  stabilization,  (b)  Frequency  dependence  of  intensity  noise  ( 1  Hz 
bandwidth)  with  and  without  frequency  stabilization. 
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ALL-OPTICAL  FIBER  SENSOR  SYSTEM 
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Figure  8  Optical  fiber  telemetry  system  for  senior  suite, 


Figure  9  Coherence  multiplexed  telemetry  system  und  interferometric  sensors. 
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Figure  lOThree  fiber  telemetry  achemesi(a)  serial,  (b)  parallel  with  separate  reference  arms,  (c)  parallel 
with  common  reference  arms. 


DISCUSSION 


J,  Dakin,  UK 

In  your  review  lecture  you  stated  that  up  to  a  thousand  sensors  could  possibly  be  multiplexed  using  the  multiple-coupler 
fibre  bus  topology  with  cither  FMCW  or  coherence  multiplexing  techniques.  Do  you  really  believe  that  the  loss  budgets 
and  the  difficulties  in  frequency  and  sensors  length  allocation  would  permit  this  number  of  sensors  in  practice? 

Author’s  Reply 

A  practical  number  of  sensors  that  can  be  multiplexed  from  a  single  source  is  tens  of  sensors.  The  loss  budget  will  limit 
you  to  these  numbers.  The  1000  number  is  a  theoretical  number  describing  the  number  of  distinct  channels  people 
believe  are  possible  for  the  various  multiplexing  schemes.  To  date,  channel  crosstalk  problems  have  not  realistically 
been  addressed  and  may  further  limit  the  number  of  sensors. 


J. Luc  as,  Fr 

Is  there  any  interest  to  shift  to  the  IR  domain  to  increase  either  the  sensilivityof  sensors  or  the  domain  of  applications? 
Author’s  Roply 

Going  to  longer  wavelengths  normally  increases  the  sensor  self-noise  and  therefore  does  not  favour  longer  wavelength 
operation.  However,  you  may  want  to  use  long  wavelength  transmitting  fibres  to  perform  IR  spectroscopy  at  remote 
locations. 
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Abstract 

this  paper  dlscusies  the  potential  application  ol  libra  optic  gyroscopes  (FOG)  In  Interlal  navigation  ON)  systems,  The 
requirements  lor  IN  are  briefly  reviewed  and  compared  to  the  reported  performance  ol  experimental  FOG'i.  This 
leads  to  the  Identification  of  areas  In  wlch  further  work  Is  necessary,  In  both  physical  understanding  and  technological 
developments, 


There  has  be  *n  cunslderable  International  effort  In  the  design  and  testing  of  laboratory  prototypes  of  the  libra  optic 
gyroscopes  In  the  past  fuw  years.'M*"  Tlie  amphasls  In  thaae  programmes  has  almos.  ln«*r'.aK,y  beer,  on  the 
realisation  cf  u  gyreauopa  with  a  performance  compatible  with  missile  applications.  For  missile  use,  the  llbre  optic 
gyroscope  has  the  attractions  that  It  can  matiure  high  angular  ratal  (parhaps  1000*/sec),  and  can  survive  high 
vibration  and  iccaleratlon  lavals.  Additionally,  Instant  swltch-on,  potentially  long  shell-life  and  low  weight  are 
at'.ractlvt  features.  By  contrast,  tha  requirements  on  sensitivity,  drift  and  scale  factor  stability  art  relatively 
modest,  though  there  are  severe  cost  constraints. 

In  this  paper,  we  examine  the  fibre  optic  gyroscope  as  a  candidate  for  an  alternative  application,  that  of  Inertial 
navigation.  We  ahow  that  aach  dement  of  the  required  performance  hat  been  damonatrated,  In  a  laboratory 
environment,  on  one  fibre  optic  gyroscope  or  another,  but  not  all  on  tha  tame  gyroscope  architecture!  We  then 
Indicate  the  directions  of  curront  research  which  could  lead  to  an  Intertlal-navlgitlort-quullty  Instrument  In  the 
future. 


Thi 

In  Inertial  navigation,  the  poiltlctTo!  an  Hrerah,  ship  or  other  vehicle  Is  monitored  by  detecting  the  accelerations  to 
which  the  body  Is  subjected,  and,  by  double  integration,  determining  the  distance  travelled.  Three  (single  axis) 
accelerometers  are  required,  and,  as  It  Is  necessary  to  know  In  which  directions  tha  accelerometers  are  pointing,  the 
Inertial  navigation  system  also  requires  three  (single-axis)  rotation  sensors  (l.e.  gyroscopes). 


Traditionally,  the  six  Instruments  are  mounted  In  a  fully-aerobatlc  gtmbal  sat,  and  orlanted  with  one  accelerometer's 
sensitive  axis  vertical,  and  the  other  two  horlxontal.  As  tha  vehicle  moves,  the  gimbals  are  servoed  to  keep  tha 
accelerometers  pointing  In  the  same  direction,  using  the  gyroscopes  m  tha  sensors  for  the  servomechanism. 


More  recently,  It  has  become  fashionable  to  dispense  with  the  gimbals,  and  to  use  the  gyros  (and  much  computing 
power)  to  keep  track  of  where  the  accelerometers  are  pointing.  Than  the  detected  accelerations  can  ba  resolved 
back  Into  the  appropriate  coordinates.  This  lattar  system,  known  as  'strapdown',  exchanges  some  of  tlvs  mechanical 
complexities  of  the  glmballed  system  for  a  vast  Increase  In  computing  requirements.  In  addition,  better  quality 
gyroscopes  and  accelerometers  are  needed  lor  a  strapdown  system.  These  matters  are  explelnod  In  more  detail  In 
reference  4. 


In  Table  1,  m  summarise  the  requirements  lor  a  gyroscope  tor  the  two  inertial  navigation  systems  (l.e.  strapdown  and 
glmballed),  and  for  a  typical  luwer-grade  missile  (l.e.  non-lnertlal-navlgstlon)  gyro.  The  figures  in  the  table  should 
be  used  with  caution,  as  they  give  <rly  a  rough  Idea  The  terms  In  the  tabb  need  some  explanation.  By  'maximum 
scale  factor  error'  we  meen  that  the  instrument  must  be  capable  of  measuring  a  rotation  rate  to  that  accuracy,  alter 
the  subtraction  ol  any  zero-rate  error,  end  alter  any  corrections  lor  non-linearities  have  been  made.  This  figure 
must  oe  applicable  over  the  input  range  'drift'  to  'maximum  rate'. 

'Drift1  Is  a  complex  subject  O).  It  concerns  the  gyro  output  when  there  Is  no  Input.  It  Is  usual  to  subtract  the  d.c. 
(zero  frequency)  component  of  this  output,  and  to  make  some  correction  for  the  (-sensitive  component  of  this.  In 
the  table  we  refer  to  tha  drift  figure  after  these  corrections  have  been  made.  There  Is  no  standardised  notation  but 
sometimes  'noise1  Is  used  to  denote  the  higher  frequency  components,  and,  In  fibre  optic  gyro  work,  It  is  often  quoted 
after  a  one-second  filter  on  the  output.  'Drift'  Is  used  to  denote  lower  frequency  noise.  Essentially  the  phrase  'drift 
must  be  lass  than  x*/hr'  means  that  the  Instrument,  In  norma!  use,  should  ba  capable  of  de  tecting  a  change  of  rotation 
rate  of  x'/hr  over  any  time  from  zero  to  a  reasonable  period  for  the  proposed  use  (e.g.  1  hour  for  aircraft  systems). 
Mechanical  gyroscopes  have  pronounced  mechanical  resonances  In  tha  noise  spectrum,  but  are  well  characterised^). 
The  FOG  Is  often  assumed  to  exhibit  a  white  noise  spectrum,  through  there  Is  to  date  Insufficient  experimental  data 
♦o  confirm  this  with  conviction. 


It  is  generally  assumed  that  the  fibre  optic  gyro  will  be  a  strapdown  sensor,  and  therefore  must  meet  the  most 
demanding  requirements  given  In  Table  1.  This  assumption  Is  reasonable,  because  mechanical  gyros  In  gtmbal  system* 
have  reached  a  high  degree  of  maturity,  and  the  emphasis  In  Inertial  navigation  has  switched  to  strapdown  systems. 
The  letter,  usually  exploiting  the  Ring  Laser  Gyro,  promise  lower  overall  cost-uf-ownershlp,  through  they  are 
unlikely  to  offer  high  reliability  or  higher  accuracy  than  a  glmballed  system  with  mechanical  gyros  and  modern 
electronics. 


It  Is  interesting  to  compare  the  market  situation  of  the  fibre  optic  gyroscope  with  that  In  the  better  known  rota  of 
tlhre  optic  systems  In  communcatlons.  Here  the  prime  role  of  fibre  optics  is  undoubtedly  In  high  capacity,  long  haul 
trunk  networks  -  In  other  words  at  tha  very  high  performance  end  ol  the  spectrum.  Fibre  optic  systems  have 
achieved  only  modest  success  In  short  range  systems,  as  rnay  be  neeeded  In.  for  Instance,  industrial  plant,  buildings, 
aircraft  etc.  The  principal  reason  for  this  low  penetration  Is  that  the  fibre  system  Is  expensive  relative  to  Tts 
electrical  counterpart  and  so  must  offer  unique  advantages  In  order  to  be  competatlve.  In  some  aircraft  applications, 
light  weight  and  immunity  to  EMI  are  attractive,  so  there  are  some  applications  niches. 
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In  the  fibre  optic  gyroscope,  the  same  observations  are  certainly  true  for  the  modest  performance  applications,  where 
the  competition  is  cheap  mechanical  gyros.  At  the  Inertial  system  level  and  above,  the  fibre  gyroscope  appears  to 
offer  one  substantial  advantage  -  there  are  on  initial  evaluation,  very  few  precision  assembly  step:  in  the 
construction  of  the  final  device.  In  fact  the  only  apparent  ones  are  In  the  fabrication  of  fibre  optic  couplers  and 
modulators.  The  remaining  mechanical  assembly  features  do  not  require  an  extremely  high  degree  of  mechnlcal 
precision,  though  the  final  assembly  must,  of  course  be  mechanically  stable.  The  instrument  would  require 
calibration  In  the  usual  way. 

Demonstrated  Performance  of  Fibre  Optic  Gyroscope 

the  fibre-optic  gyroscopes  which  have  been  demonstrated  so  far  may  be  divided  Into  two  classes.  Those  of  one  class, 
Ulustr-.ted  by  figure  1,  are  designed  primarily  with  the  objective  of  low-noise  levels  and  good  sensitivity  to  low 
rotation  rates,  whilst  those  belonging  to  the  other  class,  (figure  2)  are  Intended  to  detect  high  angular  rates  with  a 
good  scale  factor  stability. 

The  low-noise  architecture  comprise*  the  minimum  configuration  for  a  fully  reciprocal  fibre-optic  gyroscope'?1,  with 
a  source  whose  spectrum  minimises  problems  due  to  the  Kerr  effect'81,  and  uses  a  simple,  phase-modulation  detection 
technique.  This  configuration  has  been  demonstrated  to  have  the  low  noise  level  required  tor  Inertial  navigation'8'. 
However,  the  drift  performance  of  this  instrumei.t  Is  erratic,  due  largely  to  variation  of  the  fibre  birefringence  with 
temperature,  and  to  an  Imperfect  polarlser.  Thus,  for  example,  tne  Instrument  may  be  used  to  detect  a  slop  change 
on  Input  rate  of  0.01  */hi,  but  could  not  detect  a  change  of  this  site  If  It  occured  over  a  period  of  minutes.  For  this 
reason  the  Instrument  In  this  form  Is  unsuitable  for  inertial  navigation.  More  recently  a  modification  of  this  design, 
using  birefrlngent  fibre  (W,  has  been  reported.  It  demonstrated  both  drift  and  nolsa  performance  near  that  required 
for  Inertial  navigation,  but  all  Instruments  of  this  type  show  limited  dynamic  range  and  poor  scale  factor  linearity. 

The  second  clast  of  fibre  optic  gyro  architecture  Is  aimed  primarily  at  high  dynamic  range  and  good  scale  factor,  with 
nolle  end  drift  being  of  less  Importance.  The  best  performance  to  date  has  been  achieved  In  frequency-shifted 
closed-loop  systems'”0'.  The  original  systems  used  Brega  cell  shifters,  but  for  ail  guldad  architectures  a  particular 
favourite  if.  the  serrodyna  frequency  shifter'1  M*),  This  nas  bean  demonstrated  In  integrated  optics,  end  approached 
in  all-fibre  components'1*',  As  Integrated  optics  causes  Interface  losses,  these  systems  transmit  relatively  low 
optical  power  at  the  detector  and  hence  exhibit  relatively  high  noise  levels  (perhaps  i*/hr  In  a  one  Hertz  bandwidth). 

In  both  the  basic  systems  described  above,  there  Is  an  Inherent  ambiguity  In  the  measured  value  of  rotation  rate 
because  the  Sugnac  Induced  time  difference  Is  measured  with  reference  to  the  optical  period.  Thus  the  gyro  output  Is 
a  sinusoidal  function  of  the  rate  Input,  and  It  Is  fundamentally  Impossible  to  distinguish  between  time  differences 
which  aro  separated  by  an  Integral  number  of  optical  periods.  Of  course,  it  Is  possible  to  ovoid  going  Into  the  second 
optical  period,  by  using  a  short  length  of  fibre,  but  this  produces  a  lower  signal  and  hence  causes  noise  problems.  The 
detection  threshold,  dictated  by  shot  noise,  Is  typically  10“'  radians  In  one  Hertz  (or  tho  equivalent  time  difference  Is 
t  frequency-nulling  system).  If  a  dynamic  range  exceeding  108  Is  required,  the  upper  end  must  He  In  the  second 
optical  period.  Thus  either  an  ancillary  system  Is  needed  to  resolve  this  ambiguity  or  a  direct  time-measuring 
architecture  needs  to  be  evolved.  To  the  author*1  knowledge,  no  such  architecture  has  yet  been  demonstrated.  There 
Is  alto  a  more  fundamental  problem  with  scale  factor  stability,  concerning  the  relationship  between  optical  phase, 
wavelength  end  rotation  rate. 

The  measured  phase  relationship  Is 

a  »nLR  n 


where  0  la  the  optical  phase  measured 
fl  Is  the  rotation  rate 
u  Is  the  total  fibre 

R  is  the  coll  radius  (assumed  circular) 

Xo  1*  the  free  space  optical  wavelength 

Some  error-correction  can,  In  principle  at  best,  be  built  Into  the  road-out  computation.  For  example,  .he  values  of  L 
and  R  may  be  thermally  modelled  and  It  may  also  be  necessary  to  model  the  Influence  of  linear  acceleration  on  the 
shape  of  the  loop.  However,  this  still  leaves  a  question  over  the  direct  relationship  between  the  optical  wavelength 
and  the  value  of  the  observed  phase,  and  therefore  of  the  perceived  rotation  rate.  If  a  gyroscope  scale  factor 
accuracy  of  20  ppm  Is  required,  the  source  wavelength  has  to  be  known  to  an  accuracy  which  Is  probably  an  order  of 
magnitude  better  then  this. 

There  1*  the  same  requirement  on  the  ring  laser  gyro,  which  also  detects  rotation  using  the  Segnec  effect.  In  this 
device,  the  length  of  the  resonant  cavity  Ts  adjusted  oy  e  plezo-electrlc  transducer,  to  lock  onto  the  peak  of  gain 
curve.  This  Is  relatively  straightforward  because  the  gas  later  has  t  well-defined  gain  curve  centred  on  the  photon 
energy  corresponding  to  the  relevant  atomic  or  molecular  transition,  in  solid  state  lasers,  band  structure  effects 
remove  thi*  well  -defined  centre. 

Semiconductor  sources  (usually  heavlly-multlmoded  lasers  or  light  emitting  diodes)  are  often  favoured  for  the  fibre 
cptlo  gyro  because  their  optical  waveform  statistics  have  the  correct  properties  to  compensate  for  Kerr-effect- 
Induced  effset  drift.  Additionally  their  short  coherence  length  minimises  coherent  back-scatte“.  Typically  such  a 
source  has  a  centre  wavelength  of  IJOnm  and  a  llnewldth  of  a  few  nm,  or  10000  ppm.  It  Is  difficult  even  to  define  the 
meaning  of  the  ’mean1  wavelength  of  such  a  source  to  ppm  precision. 

Also  the  centre  wavelength  of  the  source  will  very  with  temperature  (because  the  bend  gup  Is  temperature  dependent) 
at  around  500  ppm  •C*1. 

One  approach  to  measuring  the  optical  wavelength  to  correct  lor  these  factors  Is  to  exploit  the  fringe  ambiguity  In  a 
frequency-modulated  feedback  system  UW  and  measure  the  apparent  rotation  rate  on  adjacent  fringes.  There  Is  a 
slight  fibre  dispersion  effect  which  causes  the  two  measured  rotation  rates  to  differ.  By  measuring  the  temperature 
of  the  loop  end  knowing  the  dispersion  characteristics,  e  fit  may  be  made  to  determine  the  effective  source 
wavelength.  Scale  factor  stability  of  around  100  ppm  Is  claimed  for  this  approach.  The  technique,  which  Involves 
measurement  of  frequency  difference  In  adjacent  fringes,  Involves  measurement  of  frequency  differences  of  less  than 
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100  Hz/nm  ol  optical  wavelength  change.  Measurement  ol  wavelength  to  ppm  Implies  that  this  difference  should  be 
monitored  In  mllllhertz.  These  nre  then  some  practical  difficulties  Implied  in  measuring  this  difference  In  a 
non-statlonary  system,  simply  concerned  with  tracking  this  frequency  difference  over  a  sufficiently  long  period  to 
make  the  measurement.  Some  well-designed  software  Is  essential  here,  but  even  so  It  seems  very  difficult  to 
extrapolate  this  technique  Into  ppm  measurements. 

Implications  for  fibre  optic  gyroscope  design 

In  this  section  we  examine  the  areas  In  which  further  work  Is  required  for  the  development  of  a  Inertlal-navlgatlon 
quality  Instrument. 

The  requirement  lor  scale  factor  stability  Implies  either  stabilisation  or  measurement  ol  optical  wavelength  to  10 
ppm  or  better.  The  Implications  here  are  that  a  source  with  a  line  width  of  less  then  10  ppm  would  be  preferred  and  e 
high  degree  of  central  wavelength  stability  would  also  be  required.  These  observations  point  to  the  use  of  lasers.  The 
Unewldth  considerations  also  imply  the  use  of  either  e  single-mode  semiconductor  laser,  e  solid-state  laser,  or  a  gas 
laser.  However,  if  the  use  of  a  super-luminescent  diode  Is  abandoned,  the  advantages  of  Kerr-effect  compensation 
■re  lost,  end  coherent  back-scatter  becomes  e  bigger  problem.  A  more  thorough  understanding  of  backscatter  Is 
therefor^^i  ^ei^tlal  stage  In  the  evolution  of  thelnertlal-grado  system,  and  Initial  work  on  this  has  been  published 

The  specification  of  the  optical  source  and  Its  wavelength  stability  raises  a  number  of  questions.  It  la  Impossible  to 
rely  on  the  energy  gap  of  a  semiconductor  source  to  provide  the  frequency  reference,  and  the  usa  of  a  gaa  laser  It 
unattraetlva,  though  not  entirely  Impractical.  Tha  Inevitable  conclusion  Is  that  tome  form  of  wavelength 
stabilisation  or  wavelength  measurement  It  required.  The  former  hat  been  demonstrated  to  the  required  10  ppm 
accuracy  by  many  workers.  '*•»  though  there  Is  than  the  question  concerning  the  Inherent  stability  of  the 
reference  element  to  which  the  later  Is  stabilised,  end  seme  careful  mechanical  design  Is  needed  here.  The 
alternative  approach,  that  of  measuring  the  wavelength  over  the  anticipated  range  of  operating  characteristics  of  the 
source,  requires  a  parts  per  million  measurement  over  e  wavelength  range  of  perhaps  596  -  corresponding  to  about 
10,000  resolvable  points.  Spectrometers  with  this  performance  do  exist,  but  compactness  Is  far  from  one  ol  their 
features!  Indirect  measurements,  like  the  dispersion  related  technique  described  earlier,  often  Involve  monitoring 
second  order  phenomena  so  the  measurement  Is  relatively  Insensitive. 

If  It  Is  assumed  that  the  optimum  architecture  for  scale  factor  stability  and  dynamic  range  Is  the  frequency-shifted 
open- loop  system  •  and  no  better  option  has  been  convincingly  demonstrated  -  then  an  ell- guided  optical 
frequency-shifter  Is  essential  to  minimise  noise.  It  teems  likely  that  the  present  ones  In  Integrated  optics  (*»)  have 
too  high  Interface  lasses  for  Inertial  navigation  work,  and  an  all- fibre  one  would  be  better  '20 J,  There  Is  currently  no 
general  agreement  on  the  technical  specification  of  such  a  device.  The  other  principal  passive  components  for  sn 
all-fibre  gyroscope  (the  couplers  end  the  polarising  elements)  are,  or  soon  will  be,  commercially  available. 

In  this  context,  we  should  mention  e  number  of  Ingenious  detection  schemes  which  avoid  the  need  for  an  all-fibre 
frequency  shifter  (21i  22).  These  utilise  a  phase- modulation  approach  tn  derive  an  electrical  phase  output,  in  which 
the  detected  signal  Is  Independent :  pf  the  amplitude  of  the  optical  signal  at  the  detector.  Typical  of  these  schemes 
are  harmonic-feedback  concepts  '21),  heterodyne-detection  C22)  and  phase-gated  systems  l22). 

Environmental  Aspects 

The  fibre  optic  gyroscope  Is,  of  course,  sensitive  to  any  effect,  which  violates  the  conditions  of  Lorenz  reciprocity. 
The  Sagntc  (rotation)  effect  and  the  Faraday  affect  ere  the  only  truly  non- reciprocal  phenomena.  However  time 
variations  In  the  fibre  loop  ere  also  Important.  Consequently,  the  fibre  optic  gyroscope  Is  sensitive  to  magnetic 
fields,  temperature  gradient,  pressure  gradients  end  vibration.  There  Is  little  published  data  though  the  rule  of  thumb 
that  the  earth's  magnetic  field  can  produce  slowly  varying  offsets  of  the  order  of  earth  rotation  rate  has  emerged. 

This  magnetic  sensitivity  may  be  minimised  by  the  use  of  polerlaetlon-holdlng  fibre,  which  Inhibits  the  effects  of  the 
non-reciprocal  circular  birefringence  Induced  by  the  Faraday  elfect,  but  magnetic  shielding  may  prove  to  be 
necessary  as  welt. 

Temperature  gradients  can  be  a  serious  problem,  ns  pointed  out  by  Sliupe  (2i*),  though  "entl-Shupe"  windings  of  the 
sensor  unit  can  appreciably  reduce  the  impact  of  thermal  gradients.  Pressure  and  vibration  effects  are  closely 
related  to  thermal  affects,  In  that  both  arise  from  reciprocity  failure  In  the  presence  of  a  time-varying  transmission 
medium.  Improved  coll  winding  techniques  and  overall  packaging  may  substantially  reduce  the  errors  from  this 
source. 

Conclusions 

In  this  paper  we  have  shown  that  much  of  the  basic  work  towards  an  Inertlal-navlgatlon  quality  fibre  optic  gyro  has 
been  completed,  through  progress  is  needed  In  e  number  ol  areas.  The  most  Important  of  these  seem  to  be  In  gaining 
a  full  physical  understanding  of  coherent  backscatter,  In  evolving  novel  FOG  architectures  and  In  designing  all  fibre 
components,  especially  frequency  modulators.  In  our  judgement,  these  remaining  problems  are  not  Insuperable,  but 
clearly  a  lengthy  development  phase  lies  ahead  before  the  full  strepdown  Inertial  specification  Is  achieved. 
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Table  1 


Missile  mid-course  Inertial  Navigation 

Inertial  navigation  for  1  nautical  mile  error  after 

for  500  m  accuracy  1  hour  measurement  time 

in  20  km  [1]  [3] 


Glmballed 

Strapdown 

Maximum 
rate [2] 

400* /sec 

Q.3*/sec 

400*/sec 

Maximum 

Scale  factor 
error  [2] 

1000  ppm 

200  ppm 

10  ppm 

Drift  [2] 

100*/hr 

0.01*/hr 

O.OlVhr 

Dynamic 

range 

1.5  x  10 * 

10* 

1.5  x  1 0® 

Notes 

[1]  the  most  demanding  missile  application  quoted  by  Traynor  (reference  6) 

[2]  these  terms  are  discussed  In  tne  text 
13]  Nuttall  (reference  4) 


Control  loop 


FIGURE  2  CLOSED  LOOP  ARCHITECTURE  FIBRE  OPTIC  GYROSCOPE.  THIS  IS  A  MINIMUM 

CONFIGURATION  LOW  NOISE  GYR05C0PE  INCORPORATING  A  FREQUENCY  SHIFTER 
TO  PROVIDE  NULLING  ACTION.  THE  LOCK-IN  AMPLIFIER  IS  USED  TO  DETECT 
THE  NULL. 
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DISCUSSION 


H.Lefevre,  Fr 

Does  the  cancellation  of  first  order  backscatter  require  very  low  loss  fibre  in  addition  to  /o  -50  splitting  in  the 
interferometer? 

Author’s  Reply 

Yes,  the  splitting  ratio  criteria  also  depends  on  the  symmetry  of  the  loss  within  the  loop. 


R.F«ltcl*on,US 

Do  you  see  an  advantage  in  using  other  types  of  lasers  rather  than  a  semiconductor  diode  laser? 

Author's  Reply 

Maybe,  pe.haps  the  ideal  source  has  about  1  GHz  bandwidth.  A  fully  filled  dopplet  broadened  gf*s  laser  line  sounds 
good,  or  perhaps  fibre  crystal  laser  if  this  proves  to  have  the  necessary  stability  and  bandwidth. 


B. Schwa  d*  rtf,  Ge 

I’m  not  working  in  this  field  of  optical  gyros,  but  can  you  give  me  the  figures  of  optical  typical  power,  if  backscatter  Is  a 
problem? 

Author’s  Reply 

Typical:  one  mW  launched  1/10  uW  detected  in  the  most  loss  free  systems.  For  Integrated  optic  systems,  another  10  dB 
loss  Is  typical. 
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COMPARISON  OP  RING  LASER  AND  FIBER-OPTIC  GYRO  TECHNOLOGY 


E.  Udd,  S.  F.  Wat jnabe ,  and  R.  F.  Cahill 
McDonnell  Douglaa  Astronautics  Company 
5301  Bolsa  Avenue 

Huntington  Beach,  California  92647 


ABSTRACT 

Substantial  progress  has  been  made  in  recent  years 
toward  the  development  of  producible  fiber-optic  rotation 
sensors.  These  devices  have  the  potential  of  being  the 
solid-state  replacement  for  many  applications  currently 
using  mechanical  gyro  technology.  Ring  laser  gyro  technology 
whioh  has  been  under  development  for  approximately  23  years 
is  now  being  introduced  into  oommeroial  and  military  aircraft 
for  inertial  navigation.  The  fundamentals  of  the  usage  of 
Sagnao  interferometry  for  rotation  sensing  will  be  reviewed 
as  well  as  the  differences  between  fiber-optic  gyro  and  ring 
laser  gyro  technology.  Examples  will  be  given  of  applications 
where  fiber-optio  gyro  or  ring  laser  gyro  technology  is 
particularly  suitable.  Distinctions  will  be  made  between 
analog  fiber-optio  gyros  whioh  offer  the  lowest  possible 
cost  but  are  limited  in  performance  capability  and  digital 
fiber-optio  gyros  which  offer  the  wide  dynamic  range  and 
accurate  scale  factor  correction  required  for  more  stringent 
applications. 


INTRODUCTION 

in  order  to  meet  the  performance  requirements  of  advanced  inertial  guidanoe  applica¬ 
tions,  highly  reliable,  rapid  reaction  rotation  sensors  are  needed.  Table  1  and  Figure  1 
provide  a  summary  of  the  requirements  for  typical  applications.  Btate-of-tha-art 
mechanical  gyros  are  available  but  high  cost,  long  warm-up  time,  limited  high  rata 
sensing  capability,  and  problems  associated  with  shook  and  vibration  have  caused  a  large 
number  of  companies  and  government  agencies  to  investigate  the  usage  of  optical  rotation 
sensor  technology.  Concepts  based  on  ring  laser  gyro  technology  have  been  under  develop¬ 
ment  since  1963  (References  1-3)  and  have  been  pursued  by  suoh  companies  as  Honeywell, 
Litton,  Singer,  Sperry,  Rockwall,  Raytheon,  United  Technologies,  and  Ferranti.  These 
efforts  culminated  in  the  delivery  by  Honeywell  in  1981  of  the  first  production  prototypes 
to  support  the  development  of  the  Boning  757/767  aircraft.  Fiber-optic  gyro  technology 
is  comparatively  new  with  the  first  laboratory  demonstration  models  being  reported  in 
1976  hy  Vali  and  Bhorthill  (References  4-7).  Companies  pursuing  fibar-optio  gyro 
development  have  beent  McDonnell  Douglas,  Litton,  Standard  Electric  Loren.ti,  Martin 
Marietta,  Nippon  Electric  Company,  Sperry,  Honeyviell,  Northrop,  Bendix,  and  Singer.  The 
introduction  of  fiber-optic  gyros  into  the  field  has  been  relatively  rapid  with  the 
delivery  by  MoDonnall  Douglaa  of  production  prototypes  to  Devalco,  in  1965,  to  support 
an  oil  field  borehole  survey  tool.  As  these  technologies  have  progressed,  it  has  become 
increasingly  evident  that  there  are  applications  where  both  the  ring  laser  and  fiber-optic 
gyro  offer  the  potential  of  superior  performance  with  respect  to  existing  technology. 

This  paper  summarises  tha  strengths  and  weaknesses  of  existing  optical  gyro  technologies 
end  projects  where  each  technology  may  be  used  in  future  applications. 

THE  8AONAC  EFFECT 

Both  ring  laser  and  fiber-optio  gyro  technology  are  based  on  the  Sagnac  effect 
(Reference  B)  which  ariaee  due  to  differences  in  the  propagation  time  between  clockwise 
and  counterclockwise  beams  of  light  about  a  closed  optical  path.  Consider  an  optical 
path  constrained  to  lie  in  a  two-dimensional  plans  perpendicular  to  the  rotational  axis 
as  is  shown  in  Figure  2.  The  more  general  case  cf  an  optical  path  in  three  dimensions 
may  be  handled  by  looking  at  the  projection  of  that  path  onto  three  orthogonal  planes. 

Let  the  polar  coordinates  of  the  optical  path  be  given  by  r  *  r($).  Also,  define 
the  angle  between  rd*  and  ds,  da  being  the  differential  along  the  optical  pathlength, 
to  be 


Associated  with  ds  is  a  change  in  the  optical  perimeter  due  to  rotation  which  has  ths 
differential  form,  fl  being  the  rotation  rate,  of 

dP  -  nr  dt  cose  "nr  [»]  dt  (2) 

dt  *  ds/o  so  Bq.(2)  becomes 


but 
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dP 


n*2  2±  da 

1,1  ds  o 


(3) 


The  total  change  in  optical  pathlength  due  to  rotation  experienced  by  light  traveling 
about  the  ring  is  given  by 


AP 


J(  „±s  j 


r  (* )  d$ 


(4) 


To  evaluate  this  la»t  integral  note  that  eaah  differential  element  i«  just  twice  the 
area  of  a  triangle  formed  by  r(+),  r($  +  d*)  and  rd*  a»  in  Figure  3.  Also,  notice  that 
the  aum  of  all  auoh  trianglea  ia  juat  the  area  enoloaed  by  the  optioal  path  which  shall 
bo  designated  as  A.  Consequently,  ,Eq.(4)  reduces  to  the  form 


tv 


(5) 


where  the  sign  depends  upon  the  sense  of  integration.  The  measurement  of  this  pathlength 
difference  between  the  counterpropagating  beams  along  the  optioal  path  forms  the  baaia 
of  the  ring  laser  and  fiber-optic  gyro.  The  means  of  accomplishing  this  pathlength 
difference  measurement  are  very  different  and  will  be  disoussed  in  the  following 
sections. 

FUNDAMENTAL  ASPECTS  OF  THE  RINO  LASER  QYRO 

In  order  lor  the  optioal  path  described  above  to  support  lasing,  there  must  be  an 
integral  number  of  optical  waves  about  one  complete  eirauit.  Optical  beams  having 
wavelengths  that  do  not  satisfy  this  pathlength  matching  condition  interfere  with  them¬ 
selves  as  they  make  subsequent  circuits  about  the  optical  path.  Thus,  in  order  to 
compensate  for  a  change  in  the  perimeter  of  the  optioal  path  due  to  rotation  AP,  the 
wavelength  and  frequency  must  change.  In  particular,  it  muat  follow  that 


V  .  V  +  AP 
f  A  +  41 


A  +  AA  _  P  +  AP 
A  P 

which  reduces  to 

M  -  4* 

A  P 

Using  the  relationship  v  »  c/A  and 

AA  *  — J  Av 
v  i 

with  Eq.(B)  results  in 

Av  AA  AP 

“  v  A  P 


(6) 

(7) 


(8) 


(9) 


(10) 


Eq.  (10)  is  the  fundamental  equation  relating  frequency,  wavelength  and  perimeter  change 
in  a  ring  laeor.  In  a  convantional  ring  laser,  two  modes  propagate;  one  in  a  clockwise 
direction,  the  other,  counterclockwise.  If  the  ring  laser  rotates  at  n  then  Eq.(4) 
indicate*  that  the  effective  optical  pathlength  will  increase  for  light  traveling  in  the 
direction  of  rotation  and  decrease  for  the  oppositely  traveling  light.  Thus,  if  ths 
light  from  the  two  counterpropagating  beams  are  beat  together,  the  reeulting  signal  has 
a  frequency 


f 


2  |  Av  |  - 


4Ayn,  _  4Aj> 
oP  AP 


(11) 


This  last  equation  ia  the  fundamental  relation  for  the  ring  laser  gyro.  Ideally,  the 
performance  of  a  ring  laser  gyro  would  be  governed  by  Eq.(ll).  in  praotios,  for  low 
rotation  rates,  the  clockwise  (ow)  and  oounterclockwi.se  (ocw)  beams  may  couple  together 
in  frequency.  This  phenomenon  ia  known  aa  "lock  in"  since  the  two  counterpropagating 
beam*  are  locked  together  in  frequency  resulting  in  a  dead  sona  over  which  the 
effective  output  of  the  ring  laser  gyro  is  aero.  The  msohaniam  by  which  the  ow  and  ccw 
beams  interaut  ia  believed  to  be  small  amounts  of  baoksoatter  from  the  ring  laser 
mirrors  and  the  gain  medium  itself  (Reference  9).  Usage  of  high  quality,  low  scatter 
mirrors  have  reduced  the  problem  from  aeveral  degrees  par  second  in  the  1960s  -  to  the 
"dead  band"  regiona  of  about  1000  degrees  per  hour  in  the  1970s  -  and  for  cavity  lengths 
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with  mirror  separation  on  the  order  of  8  cm  to  a  few  degrees  per  hour  in  the  1980s, 

Eq. (11)  can  be  modified  so  that  it  incorporates  this  phenomenon  by  defining  a  critical 
rotation  rate  fl0  such  that  look-in  occurs  for  rotation  rates  smaller  than  this  value. 
Eq. (11)  then  becomes 

f  0'  «2  <o2c 


f  -  J 


(12) 


l  ft  \l  fl2  '  1,2  -  fi2o 


While  Eq. (12)  holds  in  the  "look-in"  region  and  for  rotation  rates  n  the  observed 
behavior  between  these  two  regions  may  be  vary  complex  depending  upon  suoh  factors  as 
power  level,  gain  media'  mods  structure  and  wavelength  (References  10  and  11).  Figure  4 
illustrates  the  operating  characteristics  of  a  ring  laser  with  lock-in. 

In  order  to  circumvent  the  problems  associated  with  "lock-in"  ring  laser  gyros 
which  operate  at  low  rotation  rates  incorporate  some  sort  of  "biasing"  whereby  the 
frequencies  of  the  oounterpropagating  beams  are  separated.  Figure  5  illustrates  many 
of  the  problems  associated  with  biasing.  By  inareasing  the  optical  quality  of  mirrors' 
and  optical  surfaces  the  dead  band  region  may  be  reduced.  This  also  means  higher  cost 
in  terms  of  optical  components  and  manufacture.  To  compensate  for  the  presence  of  a 
dead  acne  periodic  switching  is  often  used.  That  is,  the  effective  optical  pathlength 
of  the  ow  and  cow  beams  are  changed  periodically.  Switching  to  a  rotation  rate  n 
outside  of  the  dead  sone  and  then  back  to  -  n  results  in  the  gyro  sensing  n  +  an  and  then 
-  n  +  An.  Adding  these  two  rotation  rates  gives  twice  the  actual  rotation.  There  aro  a 
number  of  problems  associated  with  operating  in  a  periodic  bias  mode.  Since  it  is 
desirable  to  minimise  the  magnitude  of  the  periodic  bias  as  well  as  minimise  the  amount 
of  time  spent  in  the  look-in  region,  high  quality  and  consequently'  high  cost  optioal 
components  must.be  used.  Secondly,  while,  periodic  biasing  reduoes  biaa  instability 
problems  to  a  minimum,  information  may  be  lost  during  periodic  passage  through  the  dead 
band.  Finally,  upper  rate  is  limited  by  the  maximum  rata  at  which  the  ring  laser  is 
dithered  aa  one  end  of  the  swing  may  fall  into  the  dead  zone  region. 

Another  means  of  biasing  involves  the  use  of  a  fixed  bias  where  the  difference 
between  cw  and  cow  beams  are  stabilised  to  a  value  corresponding  to  a  rotation  rats  on 
the  linear  portion  of  Figure  5.  Successful  implementation  of  such  a  technique  implies 
extreme  bias  stability,  as  small  deviations  may  cause  large  errors  in  rotation  rata 
readings.  Examples  of  such  biasing  techniques  include  stabilisation  with  an  intraoavity 
quarts  aryatal  or  saturable  absorber  (References  12-14).  More  complex  bias  schemes 
also  exist  which  have  multiple  bias  by  taking  advantage  of  polarisation  effeots  and 
usage  of  intraoavity  elements  (References  14  and  15). 

Figure  6  is  a  block  diagram  of  a  typical  ring  laser  gyro  that  would  employ  mechanical 
dithering. 

FUNDAMENTALS  OF  FIBER-OPTIC  GYROS 

From  Bq.(6)  the  total  pathlength  difference  between  the  oounterpropagating  beams 
along  the  optioal  path  is 

AL  -  ~  (J  (13) 

For  simplicity,  consider  the  case  of  a  fiber-optic  gyro  consisting  of  a  circular  coil 
of  N  turns.  The  effective  enclosed  area  of  this  geometry  is  NA  and  the  number  of  turns, 

N,  is  equal  to  the  length,  L,  of  the  fiber  coil  divided  by  its  perimeter  of  L/2*R. 
Substituting  these  results  into  Bq.(13)  renders 

AL  -  (14) 

To  determine  the  fraction  of  a  fringe  shift  between  the  two  countarpropagating  beams 
when  they  are  mixed,  we  divide  this  pathlength  difference  by  the  wavelength  of  light  in 
vacuum,  X,  to  obtain 


FIBER-OPTIC  INERTIAL  SENSOR  FUNDAMENTALS 

- XHJE53  FIHHR5WI5  *  <JW5S - 

The  simplest  form  of  passive  fiber-optic  gyro  consists  of  a  light  source  of 
wavelength  X  and  a  central  beamsplitter'  that  is  used  to  generate  oounterpropagating 
light  beams  in  the  fiber-optic  coil  (Reference  4).  It's  output  is  given  by 

SR-jf^0  (16) 

where  R  is  the  radius  of  the  fiber  coil,  L  is  the  length  of  the  fiber  coil,  X  is  the 
wavelength  of  the  light  souroe,  and  c  is  the  speed  of  light  in  vacuum.  Figure  7 
illustrates  the  layout  of  an  implementation  of  this  fiber-optic  gyro  concept.  A 
single-mode  fiber  spatial  filter  and  polariser  are  appropriately  placed  to  ensure  that 
both  countarpropagating  beams  transverse  the  same  path  in  the  fiber-optic  coil 
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(Rafaranca  16).  The  two  counterpropagating  beams  mix  and  fall  onto  the  detector, 
which  is  used  to  monitor  cosinusoidal  intensity  changes  caused  by  rotation.  To  pull 
the  signal  out  of  the  direct  current  (DC)  band,  nonraciprooal  phase  shifts  between 
the  counterpropagating  beams  are  introduced  at  a  rate  of  u.  As  an  example,  this  may 
be  accomplished  by  injecting  an  optical  phase  dither  at  a  rate  u>  in  the  absence  of 
rotation.  Upon  rotation  of  the  system,  odd  harmonics  of  the  signal  at  u  fall  onto  the 
detector  with  an  amplitude  that  depends  on  the  magnitude  of  the  rate  of  rotation  and 
with  a  phaae  that  depends  on  tha  direction  of  rotation. 

This  typs  of  fiber-optic  gyro,  deemed  the  analog  fiber-optic  gyro  (AFOG),  provides 
a  small,  low-ooat  taohniqus  suitabla  for  applications  with  modsst  dynamic  ranga  and 
scale  factor  requirements  (s  dynamic  range  of  3000  and  a  It  scale  factor  correction 
would  be  typical).  Examples  of  applications  whers  this  typo  of  gyro  would  be  appropriate 
include  yaw  and  pitch  measuring,  attitude  atabilisation,  gyrooompas sing  from  a  platform 
•uoh  as  a  submarine,  and  antitank  missiles. 

Kecsntly,  work  has  been  performed  to  attempt  to  extend  the  dynamic  range  of  the 
afoo  (References  17  and  18)  by  accepting  regions  of  relatively  high  nonlinearity  and 
low  aensitivity.  Tha  digital  fiber-optio  gyro  described  in  the  next  section  provides  a 
fundamental  means  of  overcoming  these  limitations. 

DIGITAL  FIBER-OPTIC  GYRO 

For  applications  that  require  high  performance  and  wide  dynamic  range,  suah  as 
ejection  seata,  tactical  missiles,  and  jet  fighter  heading  sensors,  a  means  has  bean 
devised  to  introduce  a  nonraciprooal  phase  shift  into  tha  system  and  to  null  out  phase 
shifts  caused  by  rotation  (References  19  and  20).  A  block  diagram  of  a  gyro  incorporating 
this  system  is  shown  in  Figure  8.  Light  from  tha  source  is  spatially  filtered  and  polar¬ 
ised  before  being  aplit  into  aounterpropagating  beams.  The  alookwise-ciroulating  beam 
of  light  passae  through  the  fiber-optic  ooil  at  a  frequency  F  +  F.  Both  counter- 
propagating  beams  recombine  on  the  beam  splitter  at  fraquanoy°F  +  F.  The  relative 
fringe  shift  caused  by  the  frequency  difference  between  the  two  beams  propagating  in  the 
fiber-optio  coil  Is  given  by 


Ft„ 


PLn 
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where  tp  is  the  time  delay  through  the  fiber  coil  and  n  is  tha  index  of  refraction. 

in  order  for  this  system  to  be  nulled,  tha  fringe  shift  caused  by  rotation  must  be 
offset  by  the  fringe  shift  caused  by  the  frequency  difference  of  the  light  beams 
aounterpropagating  through  the  fiber-optia  ooil.  That  is,  the  criterion  for  a  nulled 
condition  la  exprasaad  by 

ZR  +  •  0  (or  any  integer  value,  when  using  an  offset  frequency)  (18) 

Combining  Eqs.(16)  and  (17),  the  output  frequency,  F,  is 

*  -[  S  ] n  <i9> 

It  may  ba  noticed  from  Eq.(17)  that  a  sign  change  in  Eq,(19)  occurs  if  the 
frequency  ahift  ia  impressed  upon  the  ow  instead  of  the  cow  beam. 

To  ensure  that  the  nulling  condition  of  Eq.(18)  holds,  an  alternating  current  (AC) 
phase-aenaitive  detection  scheme  has  been  devised.  Nonreciprocal  phaaa  ahifta  between 
the  counterpropagating  beams  are  introduced  by  injecting  an  optical  phase  dither  at  a 
rata  u.  When  the  condition  of  Eq.(lB)  holds,  only  the  ssoond  and  higher-order  evan 
harmonics  of  the  u  appear  on  the  detector.  Upon  rotation  of  the  system,  first-  and 
higher-order  odd  harmonic  signals  of  u  fall  onto  ths  detector  with  an  amplitude  and 
phase  dependent  upon  rotation  rate.  This  signal  is  synchronously  demodulated,  and  the 
resultant  output  voltage  Is  applied  to  an  integrator  which,  in  turn,  corrects  the  output 
frequency  of  tha  voltage-controlled  oscillator,  closing  the  feedback  loop  and  nulling 
the  syetem.  Figure  9  illustrates  analog  and  digital  fiber-optic  gyro  product  areas. 

COMPARISON  Of  RING  LASER  AND  FIBER -OPTIC  GYROS 

*«•  w*jor  iiffar«no«r  with  rti*p«ct  to  ptrformanca,  batwaan  ring  laaar  and  fiber-optic 
gyro  technology  ia  that  ring  laaer  gyros  utilise  lasing  chsraoteristics.  Fiber-optic 
gyros,  by  contrast,  are  passive  cavity  devices  whose  light  source  is  external  to  the 
rotationally  aensltive  medium.  For  this  typs  of  device  optimum  performance  is  achieved 
using  a  broadband  light  source  dominated  by  spontaneous  rather  than  stimulated  emission. 
The  second  major  difference  is  that  the  type  of  te<  iinologies  used  for  the  two  optical 
rotation  sensors  is  vastly  different  manifesting  itself  in  such  areas  as  power  supply 
consideration,  siie,  weight,  packaging  flexibility,  assembly  and  ultimately  ooat. 

PERFORMANCE  CONSIDERATIONS 

Table  2  lists  various  performance  oharaoterietios  comparing  ring  laaer,  analog 
and  digital  fiber  optic  gyros.  Important  oparational  performance  parameters  that  are 
key  to  evaluating  the  quality  of  any  gyro  include  sensitivity,  bias  drift,  scale  factor 
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errors,  linearity,  and  dynamic  range.  Strongly  coupled  to  theae  operational  performance 
characteristics  are  such  issues  as  environmental  performance,  especially  temperature, 
shock  and  vibration  characteristics,  package  size  and  weight,  form  factor  power  require¬ 
ments  and  reliability.  The  output  equations  for  the  ring  laser  and  fiber-optic  gyros 
form  a  basis  on  which  operational  performance  characteristics  may  be  made. 

The  analog  fiber-optic  gyro  has  a  sensitivity  that  deponda  upon  the  length  of  fiber 
employed  for  a  given  enclosed  area.  Thus,  longer  lengths  of  fiber  would  be  expected  to 
result  in  higher  sensitivity.  As  lower  loss  fiber  beoomes  available  as  wall  as  higher 
quality  light  sources  the  sensitivity  of  these  devices  would  be  expected  to  continue  to 
improve.  Barly  calculations  showed  that  the  sensitivity  of  the  fiber  optic  gyro  could 
be  comparable,  or  better,  then  axieting  ring  laser  gyro  technology  (Reference  21). 
Progress  has  been  made  and  these  predictions  have  been  verified  by  recent  experiments 
(Reference  22).  The  sensitivity  of  the  ring  laser  gyro  is  limited  mainly  by  operation 
at  low  gain  levels  to  avoid  nonlinear  affects  and  sensitivity  that  depends  upon  e 
single  transit  about  the  lasing  cavity. 

The  differences  in  rotationally  sensitive  optical  pathlangtha  also  manifest 
themselves  in  procedures  to  reduoe  bias  drift  errors.  Ring  laser  gyros  rely  on  such 
techniques  as  low  expansion  ooeffioient  optical  cavities,  eotiva  pathlength  control, 
symmetrical  placement  of  anodes  and  cathodes,  to  ensure  that  both  oounterpropauating 
laaing  beams  in  the  cavity  traverse  the  same  optical  path.  Fiber-optio  gyroe  rely  on 
external  alaments  to  the  optioal  sensing  path  such  aa  polarisars  end  spatial  filtars 
to  ensura  the  beamr  traverse  reciprocal  psthe.  The  packaging  of  the  fiber  coil  ia 
oritioal  since  time  dependent  environmental  changes  that  occur  on  the  order  of  the 
transit  time  of  light  through  the  fiber  coil  will  result  in  nonreciprooel  affects  and 
a  nat  bias  drift. 

Basle  factor  issues  for  the  ring  laser  largely  involve  limitationa  of  mesne  to 
overcome  look-in  end  mode  pulling  phenomenon.  Suffiaient  progress  has,  however,  been 
made  in  this  area  so  that  corrections  of  hatter  then  one  part  per  million  era  possible. 

In  order  to  achieve  e  good  aaala  factor  for  the  fiber-optic  gyro  the  most  promising 
approach  appears  to  be  the  digital  fiber-optio  gyro.  The  output  of  thia  device  has  a 
scale  factor  equation  that  is  identical  to  the  ring  laser  gyro.  There  are,  however, 
important  differancea  in  jthe  implementation  of  these  devioes.  The  ring  laser  gyro 
typically  usea  a  helium  neon  leeer  which  hea  a  vary  stable  wavelength  end  index  of 
refraction  that  ia  naarly  ons.  Tha  digital  fiber-optio  gyro  can  also  use  a  helium  neon 
laser  as  a  etable  source  end  soale  factor  oorreotion  teohniquea  may  be  uaed  to  monitor 
the  optioal  pathlength  change  of  the  fiber  coil  (Referenoe  23).  In  order  to  aohieve 
high  performance  the  aoheranoa  of  tha  light  aouroa  should  be  as  short  ea  possible  to 
minimise  baoksoetter.  While  this  is  possible  to  achieve  in  a  gas  laser,  solid  state 
low  ooherenoe  length  light  sources  such  as  auperradiant  diodes  end  light  emitting  diodes 
era  readily  available  and  of far  the  advantages  of  solid  state  teohnology.  These  light 
sources  however,  do  change  wavelength  with  auoh  parameters  as  time,  current  and 
temperature  often  in  a  manner  that  ia  idffioult  to  model.  Tha  wavelength  of  tha  light 
source  may  be  measured  (Reference  23)  if  the  optioal  pathlength  is  known.  This  involves 
careful  packaging  and  modaling  of  the  fiber  coil  under  various  environmental  conditions, 
the  most  important  of  whicih  is  temperature. 

The  limit*  of  linearity  and  dynamic  range  of  the  ring  lsaer  gyro  depend  upon 
look-in  and  the  design  of  the  meane  to  overcome  it.  For  ring  laser  gyroe  utilising 
meahenioal  dithering  this  usually  means  an  uppsr  rata  limit  oonstrained  by  tha  peak 
velocity  et  which  the  unit  is  dithered.  Generally,  for  large  ring  laeer  gyros  with 
optioal  pathlength*  of  30  om,  this  constrains  upper  rate  to  a  few  hundred  degrees  per 
eeoond  for  e  typioel  design.  The  digital  fiber-optic  gyro  is  limited  in  upper  rate 
by  the  dynamic  range  of  the  frequency  shifters,  typically  a  few  thousand  degrees  per 
eeoond.  Both  devioee  may  be  offset  to  sense  vary  high  rotation  retea. 

While  the  operational  performance  parameter*  era  important, environmental  conditions, 
packaging,  power  requirements,  end  reliability  often  dictate  tha  teohnology  that  will 
be  employed  for  a  particular  application.  Both  ring  lsaer  gyroe  and  fiber-optio  gyroe 
have  demonstrated  the  capacity  to  operate  under  hostile  environmental  condition*  that 
would  be  difficult,  if  not  impossible,  for  mechanical  gyros  to  perform  under.  The  major 
differences  between  the  technologies  involve*  the  usage  of  a  gas-filled  tuba  as  tha 
aotiv*  element  for  the  ring  laser  gyro  vereus  eolid-atat*  elements  for  the  fiber-optio 
gyro. 


Eeae  of  packaging  ia  perhaps  one  of  the  most  important  advantages  of  fibsr-optio 
gyro  technology  over  ring  laser  gyro  teohnology.  The  rotationally  sensitive  fiber  coil 
may  be  formed  into  ovals,  reoetraoka,  square*  and  even  nonplenar  ahepes  quickly  and 
cheaply.  Tradeoffs  osn  readily  be  made  to  give  optimum  sensitivity  for  oonstrained 
geometries.  A  similar  ohange  for  a  ring  laser  gyro  would  involve  a  major  development 
effort.  The  fiber-optio  gyro  also  may  be  arranged  so  that  the  rotationally  sensitive 
coil  is  placed  remotely  from  the  rest  o t  the  optics  minimising  the  weight  for  such 
applications  as  seaksr  heads  (Referenca  24). 

Many  advanoad  applications  have  savers  power  and  weight  constraint*  placed  upon 
them.  Currently  the  power  requirements  of  the  two  teohnologiea  are  comparable.  The 
ring  laeer  gyro  requires  a  power  supply  capable  of  delivering  several  hundred  volts, 
but  only  a  few  milliamps  of  current.  The  fiber  optic  gyro  utilises  solid  state 
components,  and  may  be  operated  off  a  conventional  five  volt  supply  but  it  has  rela¬ 
tively  large  current  requirement*  presently  due  to  auoh  elements  as  superradiant 
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diodes.  Othar  considerations  involva  the  weight  aasociated  with  the  aolid  giaaa  block 
and  dithar  mechanism  aaaooiated  with  the  ring  laaar  gyro  varaua  a  solid-state  light 
source  and  detector,  a  fiber  coil/  fiber  couplers  and  polaricers  as  well  as  modulators. 
When  the  components  involved  in  construction  of  a  ring  laser  gyro  are  compared  to  those 
associated  with  a  fiber-optic  gyro,  fiber-optic  gyros  appear  to  have  a  clear  advantage 
with  respect  to  the  potential  to  be  extremely  light  weight. 

Another  issue  associated  with  ring  laser  gyros  involves  the  trade  off  between  sise 
and  weight  and  reliability.  Ths  smallest  ring  laser  gyros  that  have  been  made  are  only 
a  few  centimeters  in  diameter  but  have  operating  lifetimes  limited  to  a  few  hundred 
hours  at  best.  This  is  due  to  the  relatively  high  current  required  to  operate  the  unit 
causing  the  gas  medium  to  be  pumped  out  of  the  system.  A  second  issue  involves  low  leak 
rates  that  would  be  insignif icsnt  for  a  large  ring  leeer  gyro  causing  shelf  life  problems 
for  e  very  email  unit.  Large  ring  laser  gyros  such  as  those  built  for  commercial 
aircraft  navigation  have  demonstrated  reliability  greater  then  10,000  houre.  Intrinsi¬ 
cally,  fiber-optio  gyros  are  solid-atate  davicea  and  lifetimes  are  not  siss  dependent 
since  the  light  source  is  much  smaller  than  any  practical  package.  The  element  that 
currently  appears  to  be  the  main  limitation  for  tha  fiber-optic  gyro  is  ths  light  sourcs 
used  in  many  high  performanoa  applications,  the  superradient  diode.  The  lifetime  of 
these  unite  haa  been  steadily  improving  and  preeoreened  devices  have  lifetimee  on  the 
order  of  a  fow  thousand  hours.  It  is  expected  that  further  development  work  will 
result  in  lifetimes  in  tha  10,000  to  100,000  hour  range.  Light  emitting  diodea  with 
extremely  long  lifetimes  0100,000  hours)  are  also  usable  in  many  application*  whara 
performance  requirements  ars  not  as  high. 

TBCHNOLOaV  COMPARISONS 

An  important  aspect  of  ring  laser  and  fiber-optio  gyros  is  thair  relative  afforda¬ 
bility  whiah  is  oloaely  tied  to  the  technology  associated  with  each  device.  Table  3 
summarises  soma  of  thesa  considerations.  The  ring  laser  gyro  ie  a  very  specialised 
instrument  end  much  of  tha  technology  associated  with  its  successful  introduction  has 
boon  borna  by  tha  companies  developing  the  technology  and  the  defense  industry.  Fiber- 
optio  gyros,  by  contrast,  have  much  more  eynergiem  with  work  performed  by  othar 
oommeroial  efforts  suah  as  the  telecommunication  industry  and  will  benefit  from  related 
work  being  performed  in  support  of  compact  audio  disk  players  and  oopiars.  Fiber-optic 
gyro  development  is  also  strongly  supported  by  work  being  done  on  other  fiber-optio 
seniors  in  the  field  of  acoustic,  magnetic  and  electric  fiald  sensing. 

As  mass  production  of  kay  elements  and  subassemblies  for  the  fiber-optic  gyro 
occurs  it  is  anticipated  that  this  technology  will  gradually  form  a  significant  cost 
advantage  with  reapaat  to  the  ring  Leeer  gyro.  This  situation  will  be  further  augmented 
by  the  ability  to  eeaembla  the  unite  under  conventional  manufacturing  oonditiona  aa 
opposed  to  the  more  atringent  clean-room  oonditiona  necessary  for  the  ring  laaar. 

Significant  engineering  issues  remain  before  fiber-optic  gyros  with  performance 
characteristics  similar  to  inertial  navigation  grade  ring  laser  gyros  will  exist.  It  is 
anticipated  that  in  ths  nsar  future  fiber-optic  gyros  will  begin  to  penetrate  the  market 
for  devices  with  bias  stability  of  more  than  about  1  degree  per  hour  while  ring  laser 
gyroe  will  dominate  the  market  for  inertial  navigation  grade  devices  with  performance 
of  0.01  degress  per  hour  or  laaa.  Performance  applications  that  require  units  that  fall 
between  these  two  regions  aould  go  with  either  technology.  In  the  long  term  the  critical 
question  will  be  the  ability  of  the  ring  last?  gyro  to  be  cost  competitive  with  respect 
to  the  fiber-optic  gyro. 

Although  much  of  the  initial  work  on  fiber-optic  gyros  was  performed  at  universities 
and  by  industry  that  traditionally  were  not  participant?)  in  the  inertial  sensor  market 
this  situation  has  shifted  dramatically  in  the  last  few  years.  Presently,  virtually 
evary  major  makar  of  inertial  sensors  has  s  fiber-optic  gyro  program.  This  may  be 
representative  of  ths  relative  lack  of  maturity  of  this  technology  when  compared  to  ring 
laser  gyroe.  The  number  of  firms  pursuing  ring  laser  gyros  has  dropped  as  these  sensors 
have  entered  the  marketplace.  Table  4  ie  a  partial  list  of  companies  involved  in  these 
areas. 

SUMMARY 

King  laser  and  fiber-optic  gyro  technology  have  been  compared.  For  high  performance 
application*  of  0.01  degree  par  hour  or  better,  ring  laser  technology  will  dominate  in 
the  near  futur#  while  fiber-optic  gyro  will  etert  to  make  inroads  in  tha  1-10  degree  per 
hour  regime,  in  the  long  term  it  is  expected  that  fibar-optic  gyros  will  offer  a 
significant  challenge  to  ring  laser  gyro  technology  through  advantages  related  to  cost, 
power,  sise,  weight  end  packaging  flexibility. 
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Table  1. 

Gyro  Requ  1  ramanti 

Application) 

Full 

Scats 

(*/itc) 

Sella 

Fictsr 

Stability 

(PPM) 

Bis* 

Stability 

Harm  Up 
Tima 
(**c) 

Cost 

$124 

Llf* 

(Yrs) 

Aircraft  Navlgstlon 

100 

25 

.01 
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Not  Crltlcil 
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Spsc*  Boottar 
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$0 

0,1 
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Spscscrsft 

10 
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Mod-Small 
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100-200 

500 

<0.1 

60 

Vary  Low 
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1/4  -  10 

Low-Msd 

Small 
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. 

- 
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Table  2. 

Performance  Compart  ton 

Ring  Later  Gyro 

Analog  Fiber-Optic  Gyro 

Digital  Fiber-Optic  Gyro 

Output 

F  "  $nn 

’  xc  “ 

f  "  xtn  n 

n  ■  1 

Frequency  proportional 
to  rata  or  count*  per 
turning  angle 

Voltage  proportional 
to  rate 

n  -  1.5 

Frequency  proportional 
to  rate  or  count*  per 
turning  angle 

Character! ttlc 
Pethlength 

General ly.- 
<30cm  lni 

50m  -  5km 

(longer  length*  are 
pottlble) 

50m  -  5km 

(longer  length*  are 
pottlble) 

Thermal  error* 

o  Packaging 
o  Electrode  placement 
o  Pethlength  control 

o  Packaging 
o  Thermal  control  and 
compentatlon 

o  Packaging 
o  Thermal  control  and 
compentatlon  of 
active  element* 

Critical  Ic&ue 

Lock-In  Compensation 

Reduction  In  Scattering 
Polarization  Control 

Reduction  in  Scattering 
Polarization  Control 

Dynamic  Range 

>10® 

103  -  105 

>10® 

Scale  Factor 
Correction 

<1  PPM 

1000  -  10,000  PPM 

<100  PPM 

Table  3. 

Technology  Comperltont 

Ring  Later  Gyrot 

Analog  Fiber-Optic  Gyro 

Digital  Fiber-Optic  Gyro 

Lifetime  Determinant 

Gat-filled  Tube 

Solid-State  Components 

Solld-Stato  Components 

Precision  Machining 

Yet 

No 

ho 

Prtcltlon  Alignment 

Yet  Mirror* 

Light  Source  Pigtail  1  no 
Fiber  Coupler  Fabrication 

Interfacing  to 

Frequency  Shifter* 

Dither  Mechanism  to 
Avoid  Lock-In 

Yet 

No 

No 

Ultra-clean  Room 
Assembly 

Yet 

No 

No 

Flexible  Geometry 

No 

Yet 

Yes 

Closely  Related 

Support  Industries 

None 

o  Telecommunications 
o  Audio  1  Video 

Compact  Disk  Players 

o  Telecommunications 
o  Audio  1  Video 

Compact  Disk  Players 
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Table  4.  Partial  Listing  of  Companies  Active  In  tha  Area 
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Figure  1.  1985  Ring  Laeer  and  Fiber-Optic  Qyro  Product  Target  Areaa 


Figure  7.  Block  Diagram  of  the  Analog  Fiber-Optic  Gyro 
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DISCUSSION 


J. Fridman,  US 

In  your  system  you  use  a  super  luminescent  edge  emitting  I,ED  as  a  source  to  overcome  modal  noise,  rather  than  a 
coherent  source  us  proposed  by  Dr  Culshaw  in  the  previous  pr.per  No, 2,  Please  comment  on  the  reasons  for  taking  this 
well-known  approach,  and  the  advantages  or  disadvantages  of  your  technique  over  Dr  Culskuw's  approach. 

Author’s  Reply 

Appropriate  techniques  have  been  developed  to  compensate  for  scale  factor  shifts  due  to  temperature  dependence  of 
superluminescent  diode  wavelengths.  Given  that  sufficient  power  is  available  from  these  diodes,  the  use  of  the 
broadband  source  alleviates  sensitivity  to  the  backscatter  problems  that  one  addressed  in  Paper  No.2. 


J, Willson,  UK 

In  the  down-well  two-axis  gyro,  how  is  the  rate  information  transmitted  to  the  surface?  Is  there  any  plan  to  UBe  optical 
tibres  for  transmission? 

Author’s  Reply 

Strictly  conventional  telemetry  system.  No,  the  customer  only  requires  the  sensors  at  present. 
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Closed  loop  Tiber  optlo  gyro 


D.H. Lewie,  B.Bodnarx,  J.A.Dankowyoh,  K.Jew,  O.Joslln,  W. A. Young 

Advanced  Optical  Systems  Group,  Litton  Systems  (Canada)  Limited 
25  Cltyview  Dr.,  Rexdsle,  Ontario,  Canada,  H9W  5A7 


Abstract 

This  paper  describes  a  breadboard  dosed  loop  gyroscope  using  ordinary  single  mode  fiber  and  a  multi- 
mode  diode  laser.  Closed  loop  rotation  rate  bias  stability  data  are  presented  for  both  short  term  (r  «  1 
sto)  and  long  term  (t  •  too  seo.,  Nt  «  6  hra).  Tha  performance  of  the  gyro  is  dlsplayad  In  the  frequency 
domain  os  well  as  In  tho  time  domain.  The  performance  achieved  was  a  rotation  rato  nolan  of  5  Vhr  for  1 
seo,  integration,  0.55  '/hr  for  100  second  Integration  and  an  extrapolated  drift  of  0.09  '  /  /hr,  The  long 
term  (6  hours)  bias  etabUtty  was  1  '/hr. 


Introduction 

Sinoa  tho  first  damonstratlon  of  a  Sagnao  interferometer  in  a  glass  flbar  in  19761,  work  on  fiber  optlo 
gyros  has  progressed  rapidly.  It  now  saama  clear  that  all  or  tha  Important  noise  and  drift  mechanisms  are 
understood,  Oyro  configurations  demonstrating  excellent  short  and  long  term  random  drift  have  been  rep¬ 
orted*'1.  Other  gyro  configurations  exhibiting  linear  behaviour  over  a  large  range  have  aloo  beon 
deaorlbedl'»‘'‘.  Nothing  haa  bean  published  on  gyros  that  exhibit  both  good  long  term  drift  (<  0.1  Vhr  for 
mors  then  10  hours)  and  high  linearity  using  ordinary  single  mods  flbar.  This  paper  describes  a  breadboard 
gyro  that  la  potentially  capable  of  auoh  performance  and  presents  preliminary  performance  data.  Tha  optl- 
oal  components  of  the  gyro  ars  mounted  in  a  relatively  compact  2500  cm1  package  with  an  associated  elec¬ 
tronics  module.  This  arrangement  was  ohoaon  to  allow  commercially  available  components  to  be  used  and 
still  have  a  gyre  smell  enough  to  undergo  a  range  of  performance  tests. 

System  description 

Tha  gyro  (Figure  1 )  Is  a  simple  Sagnao  interferometer  In  a  oonflguration  deaorlbod  first  by  Ulrloh’.  To 
this  haa  been  added  two  aoousto-optlo  modulators  (AOMs)  and  tntogral  gain  aervo  nleotronlos  to  provide  a 
phase  nulling  olosad  loop  system  at  described  by  Davis  and  Bseklol11.  Tha  generator  driving  one  of  tho  AOMs 
la  sinusoidally  frequenoy  modulated  to  provide  the  phase  modulation  that  is  used  to  measure  the  not  non- 
reolproosl  phase  shift,  The  same  generator  la  frequency  modulated  to  produce  a  non-rtalprooal  frequsnoy 
shift  In  the  fiber  ooll  and  a  proportional  non-reolprooal  phase  shift.  The  Integral  gain  servo  olootronloe 
maintains  the  net  non-reoiprooal  phase  shift  at  aero.  The  output  of  the  gyro  Is  the  difference  botweon  the 
frequences  of  generators  1  and  2. 

Th*  principal  attractions  of  this  system  are  the  strlot  linearity  of  tho  gyro  output  and  tha  nominal  ln- 
aoneltivlty  of  the  output  to  Intensity  fluctuations.  There  arc,  oi  ooursa,  some  disadvantages.  The  gyro 
soala  factor  la  e  function  of  the  refrsotlve  Index  of  the  flbar,  snd  so  of  temperature.  There  Is  a  bias 
that  results  1)  the  optloal  paths  between  the  primary  direotlonsl  coupler  and  tha  AOMe  are  of  unequal 
lengths.  For  this  gyro  i  1  mm  difference  will  produce  a  bias  of  530  '/hr.  Another  blae  source  lu  ouusod  by 
frequency  dependence  of  tho  A0M  effloienoieu.  Because  one  of  the  AOMs  Is  frequunoy  modulated,  this  pro¬ 
duces  an  amplitude  modulation  of  tho  light  whloh,  in  ganeral,  will  have  s  component  at  tha  reference  fre¬ 
quency,  The  bias  resulting  from  tills  amplitude  modulation  can  be  reduced  by  seleoting  the  reference  period 
to  be  twice  the  transit  time  of  the  loop'.  This  method  requires  th*  modulation  oocfflolants  to  be  indepen¬ 
dent  of  the  direction  of  propagation.  Unfortunately  an  Important  source  of  amplitude  modulation  arlsoe 
from  operation  of  the  frequonoy  modulated  A0M  at  other  than  the  Bragg  angle.  This  misalignment  will  nor¬ 
mally  be  different  for  the  two  dlrtotlont  of  propagation  at  th#  AOM,  whloh  will  cause  the  amplitude  modu¬ 
lation  coefficients  to  depend  upon  propagation  direction. 


Figure  1 .  Phase-riming  gyroscope. 
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Optioa  module 


Tho  optlas  module  (Flguro  2)  Is  divided  into  two  aompartments.  One  contains  the  fiber  sensing  coll  while 
tho  other  oontains  the  remaining  optioal  components, Tho  ooil  compartment  Is  thermally  lnsulatod  from  the 
rest  of  the  components  and  is  Internally  mounted  In  suoh  a  way  as  to  minimize  the  thermal  gradients.  The 
coil  is  also  shielded  against  magnetlo  fields.  The  heat  generating  components  are  mounted  on  the  top  plate 

to  reduoe  heat  transfer  to  tho  spool. 

The  gyro  Is  a  nearly  all  flbnr  system  with  two  bulK  AOMe.  The  fiber  pigtails  on  the  various  components 
are  fusion  splioed.  The  dlreotlons.1  douplera  ere  bloonloal  fused  taper  types.  The  fiber  polarizer  is  a  sea- 
tlon  of  oolled  blrefringent  fiber.  The  leser  Is  a  multimode  samloonduetor  unit  with  a  centre  wavelength  of 
825  nm.  Its  speotrum  Is  shown  In  Figure  3.  Three  typos  of  polarization  controllers  have  been  used  i 
manual',  magnetic  squeezer*  and  pleaoelsatrlo  squeezer". 

The  sensing  ooil  oonslsta  of  500  m  of  non-polarlzatlon-preservlng  fiber  orthooyolioally  wound  with  22 
layers  at  48  turns  per  layer  on  an  aluminum  spool.  The  mean  diameter  of  tho  ooil  Is  1 5.1  om.  The  fiber  la 
Corning  XSMF,  a  single-mode  transmission  grade  type  with  a  5  um  aore,  a  outoff  wavelength  of  780  nm  end  a 
transmission  loss  of  2.2  dB/km. 

As  the  AOMs  and  thslr  associated  lenses  are  a  potential  aouros  of  instability,  oonsldarablo  effort  want 
Into  the  design  of  this  portion  of  ths  gyro,  Graded  lndsx  (GRIN)  lenses  were  chosen  to  oolllmate  the  light 
through  the  AOMs  because  of  thslr  superiority  to  conventional  lenses.  Bnoh  GRIM  lens  is  mounted  In  one  end 
of  a  ossa  5  mm  in  diameter  and  40  mm  In  length.  The  other  end  of  the  case  aocapta  a  single  mods  fiber 
pigtail  hold  In  plsoe  by  UV  ourtng  epoxy  resin.  This  assembly  produces  «  collimator  with  excellent  maohan- 
lcal  and  thermal  stability  and  nogllglble  phase  distortion  of  ths  transmitted  beam. 

For  fibers  terminated  in  GRIN  lenses,  fiber  to  fibsr  coupling  efficiencies  approaohtng  90  psro'ont.  were 
moasursd.  This  effloisnoy  can  bt  Attributed  to  ths  AR  coating  on  ths  GRIN  to  sir  Interfaces  and  the  excel¬ 
lent  index  and  modal  matoh  between  the  GRIN  lena  und  the  single  mode  fiber.  These  properties  also  greatly 
reduce  the  problems  of  baokaoattor  and  reflection  that  are  of ton  experienced  when  using  bulk  optic  compo¬ 
nent*.  Tho  GRIN  oolllmatora  also  exhibited  a  high  dsgree  of  oolllmation.  Ths  projected  light  was  round  to 
have  s  divergence  of  3.6  mred,  whioh  Is  only  marginally  In  excess  of  the  beam  divergence  that  la  consis¬ 
tent  with  the  messurod  beam  waist.  Ths  beam  to  casing  oolllnearlty  was  measured  to  be  better  tnan  4  nred. 
The  ovorall  efficiency  of  the  GRIN  -  A0M  assembly  was  measured  «s  53  percent. 

Ksch  0R1N  -  AOM  module  was  assembled  as  s  unit,  with  eaoh  GRIN  lens  mounted  In  s  von  blook  whose 
mounting  surfaces  wars  ground  to  compensate  for  the  l#na<  measured  oolllnearlty  error*.  The  GRIN  -  AOM 
blook  has  proven  to  be  a  stable  arrangement.  We  expnet  that  Improved  beam  to  ossing  oolllnearlty  will  sim¬ 
plify  the  mount  construction. 

The  power  budget  for  the  gyro  starts  with  the  faot  that  a  minimum  of  9  dB  of  Input  powor  Is  lost  at 
unused  coupler  arms  before  reaahlng  the  detector.  In  the  breadboard  gyro,  couplers  are  not  Ideal  and  have 
«n  Insertion  loss  of  0.9  dB.  The  sensing  ooil  is  500  m  In  length  with  en  attenuation  or  2.2  dB/km  for  a 
total  loss  of  1.1  dB.  The  AOM  modules  in  the  sensing  coll  each  contribute  3.0  dB  of  loss  for  a  total  loss 
of  6.0  dB.  The  Tiber  polarizer  contributes  a  1.0  dB  Insertion  loss  to  lnoomlng  and  outgoing  light  Tor  a 
total  loss  of  2.0  dB.  These  individual  components  oomposod  of  dissimilar  flbera  ars  all  oonnseted  by  fusion 
splices  eaoh  having  a  mean  loss  of  0.4  (IB  for  a  total  spllos  loss  of  6.0  dB.  Finally,  all  of  these  compo¬ 
nents  had  to  be  paokagod  whioh  required  bending  of  the  fiber  loading  to  approximately  3  dB  of  bend  loss. 
This  power  budget  shows  a  total  loss  betweon  the  multimode  lsssr  souroe  and  detector  of  30.7  dB. 


Figure  2.  Optica  module 


Figure  3.  Multimode  laser  diode  speotrum, 


fflectronlcs 

The  servo  eleotronlcs  Is  straightforward  oxoopt  for  one  point,  ths  phase  detector  includes  a  bandpass 
filter  thet  has  notches  at  the  second  and  fourth  harmonics  of  ths  rafsrenoe  frequency.  This  is  neoassary 
beoause  ths  photodlods  output  oontains  large  components  at  even  harmonica  of  the  roforenoi-  frequency  end 
real  phase  dateotors  are  sensitive  to  these  signal  components.  This  will  oaues  an  offset  In  the  gyro 
output  thet  Is  proportional  to  Intensity.  In  ordsr  to  obtain  some  orltsrlon  for  specifying  even  harmonic 
rejection  requirements  lot  ths  offset  be  no  larger  than  the  shot  noise  amplitude  with  an  Integration  time 
of  100  seconds.  For  the  breadbosrd  gyro  the  second  harmonic  rejeotlon  must  be  better  than  130  dB,  As  the 
fourth  through  eighth  hsrmonios  arc  not  negligible  with  roepeot  to  the  second,  sttontion  must  bs  paid  to 
them  also.  It  must  be  appreciated  that  this  second  harmonic  rejection  criterion  Is  arbitrary  and  in  fact  is 
not  good  enough  for  high  saoursoy  sppllostlone.  It  ie  also  worth  emphasizing  that  tho  required  value  of 
seoond  harmonic  rejeotlon  Is  a  funotlon  of  poak  photoourront,  peak  phase  modulation,  and  fringe  visibility 
factor. 
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Now  that  an  aatlmata  has  been  made  of  the  tolerable  magnitude  of  oven  harmonic  enneltlvlty,  the  perfor¬ 
mance  that  can  be  expected  of  real  phase  detectors  must  Be  examined.  One  form  of  phase  sensitive  deteotor 
la  an  analog  multiplier  with  ono  input  a  low  distortion  sine  wave.  This  suffers  from  two  problems  t  even 
harmonloa  In  the  reference  sine  wave,  and  even  harmonic  sensitivity  In  the  modulator.  Measurements  made  on 
the  very  high  accuracy  Analog  Dsvioos  AD534  analog  multiplier  give  low  frequency  second  harmonic  rejection 
of  somewhat  moro  than  70  dB.  Unfortunately  not  only  is  this  figure  muoh  too  low  but  It  degrades  as  the 
frequenoy  Increases.  There  is  not  muoh  point  In  looking  for  s  bsttsr  multiplier  as  It  is  very  difficult  to 
generate  a  referonoa  sine  wave  that  has  a  second  harmonlo  thst  is  mors  than  60  dB  bslow  the  fundamental. 

Switching  synchronous  reotlflers  are  not  muoh  better  but  at  least  are  oheaper,  almpler  and  requlro  a 
square  wave  referenoe  rather  than  a  high  quality  sine  wavs.  A  principle  source  of  even  harmonlo  sensitivity 
In  this  type  of  phase  sensitive  deteotor  Is  asaymmetry  in  the  the  refsrenoa  "square"  wavs,  If  the  rsotlfler 
is  modelled  as  a  polarity  roveroing  awltoh  with  the  non-invortlng  half  cyols  d  seconds  shorter  than  one 
half  of  the  period  of  T  aeoonds,  and  If  d  Is  vary  small,  the  ratio  between  the  2kth  harmonlo  and  the  fun¬ 
damental  is  approximately  2xd/T.  Note  that  tnia  approximation  is  Independant  of  the  order  of  ths  harmonlo. 
For  d  •  1  nanosecond  and  T  •  5  mlorosecond  (200  kH2),  ths  even  harmonlo  sensitivity  Is  -S8  dB  with  reepeot 
to  the  fundamental.  It  is  possible  that  with  osrsful  component  selootlon  and  olroult  layout  that  d  could 
be  raduoed  to  0.1  nanosooond.  This  would  provide  a  20  dB  improvement  In  even  harmonlo  sensitivity.  These 
figures  assume  there  art  no  nonllnsarltiss  In  ths  switching  olroult  that  oould  produos  s  degradation  In  ths 
•von  harmonlo  rejeotlon.  Measurements  on  this  type  of  phnss  deteotor  show  70  dB  appears  to  bs  •  prsotlosl 
upper  limit  at  •  reference  frequenoy  of  200  kHe 

The  phase  sensitive  deteotors  are  so  far  short  of  ths  required  performance  that  soma  form  of  filtering 
to  reduce  the  even  harmonics  is  olearly  required.  Ths  riltsr  should  bs  a  bandpass  type  with  notohee  at  the 
low  even  harmomon,  The  pass  band,  osntred  on  ths  reference  frequenoy,  should  have  arithmetic  symmetry,  s 
bandwidth  of  twice  the  required  sorvo  open  loop  bandwidth  and  s  linear  phase  response.  A  simple  filter 
with  those  oharsoterlstlas  (seoond  end  fourth  harmonic  notohss  only)  was  developed. 

In  order  to  allow  drift  runa  to  bs  performed  under  the  oontrol  of  •  laboratory  computer  t  oustom  in¬ 
terface  to  tho  AOM  driver  generators  was  oonatruotsd.  This  oontsins  two  high  spsvd  32  bit  counters  that 
oount  the  frequencies  of  ths  AOM  drivers.  At  sslootsble  intervals  ths  aountar  contents  are  stored  without 
resetting  the  counters  end  then  transferred  to  ths  computer  ovor  an  IEEE  488  Central  Purpose  Interfsos.  In 
the  oomputer  counter  ovorflowe  are  compensated  and  ths  two  oounts  are  subtracted  to  give  gyro  output 
angle.  Because  one  of  the  frequencies  is  frequency  modulated  by  ths  rordronoa  it  1*  Important  that  ths 
oount  transfer  intervale  be  Integra  multiples  of  ths  reference  period.  The  interfooe  loglo  provides  this 
function. 


Polarisation  oontrol 

Ths  original  gyro  design  was  based  upon  ths  expectation  thst  ths  extinction  ratio  of  tho  fiber  polarltsr 
would  bs  high.  Thus  It  was  proposed  to  oontrol  loop  polarisation  by  a  simple  hill  ollmblng  process  to 
maintain  ths  interferometer  output  intensity  approximately  oonstsnt  in  ths  rsos  of  temperature  ohengas. 
Unfortunutoly,  In  the  early  gyro  teat  phase,  tho  blss  stability  was  poor.  An  estimate  of  ths  operational 
oxtlnotlon  ratio  of  ths  nbsr  polarisor  was  mads  and  found  to  bo  only  about  38  dB.  Thus  It  wss  evident 
that  improved  polarisation  oontrol  must  bs  provided.  A  polarisation  controller  wss  added  in  series  with 
the  souros  end  a  higher  soouraoy  oontrol  algorithm  was  developed. 

Oyro  drift  performance 

With  the  oomputer  Interface  described  above  it  Is  an  stay  matter  to  aooumulsts  blss  stability  date  over 
long  drift  runs.  Because  tho  frequenoy  counters  are  not  reset  when  their  oontenta  are  transferred  to  ths 
oomputer,  the  date  in  the  oomputsr  la  proportional  to  aooumulatad  angle.  Thus  it  oan  be  eampled  at  any 
oonveniont  multiple  of  ths  transfer  period  with  «  minimum  of  quantisation  error. 

Figure  4  shows  the  results  of  t  six  hour  drift  run,  Ths  rotation  rats  blss  is  stable  to  within  1  '/hr 
during  this  period.  Figure  8  displays  the  noise  amplitude  speotrum  corresponding  to  the  same  run,  Ths  spec¬ 
trum  shows  •  low  frequenoy  spike  and  graphically  indicates  at  what  frequency  our  long  term  noise  problems 
begin.  The  speotrum  la  whits  above  .01  Harts,  Ths  noits  amplitude  vs  integration  time  curve  is  given  in 
Figure  6.  The  short  term  noise  is  5.0  Vhr  (1  seoond)  while  the  long  term  rate  noise  is  0,88  '/hr  (100 
seoond).  The  extrapolated  drift  (E.D.)  •  0,093  '  /  /hr  whereas  ws  expsot  0.015  •  /  /hr  from  shot  plus 
quantisation  nolss.  The  random  walk  ooefflolsnt  is  0.22  '  /  /hr  . 


Figuro  4.  oyro  bias  stability 
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Flgura  5.  Oyro  nola*  apaotrum.  Figure  6.  Oyro  noiae  va  Integration  time. 

Summary 

Ha  believe  our  raaulta  to  be  unique  In  that  wa  have  shown  that  good  long  term  atablllty  la  aohlavable 
in  a  oloaad  loop  system  ualng  AOHa  .  a  multimode  laaar  diode  and  ordinary  alngle  node  fiber.  These  last 
two  oomponenta  are  oonalderably  laaa  expansive  than  the  more  axotlo  auperlumlneaoent  diodes  and  polarisa¬ 
tion  holding  fiber*  used  by  other  r*a*aroh*r*,,,u.  Wa  hav*  determined  that  our  abort  term  performano*  la 
limited  by  eleotronlo  nola*  which  at  present  la  almost  an  order  of  magnitude  above  quantisation  noise. 
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Wh«t  kind  of  optloal  power  do  you  get  back  to  the  detector? 


Author’!  Reply 
60  nanowatts. 
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SUMMARY 

This  paper  raporta  recent  progreaa  made  In  developing  a  tlme-divlelon-multiplexed,  fibre 
optlo  hydrophone  array  ualng  optical  tine  domain  refleetometry  (OTDR)  technique* ■ 

INTRODUCTION 


Interferometric  fibre  optlo  aenaora  are  attractive  booauae  of  their  high  aonnltlvlty 
relative  to  other  typea,  auoh  aa  thoaa  baaed  on  lntenelty  modulation.  Moat  reported  to 
data  have  been  alngle  aenaora,  but  there  la  currently  oonaiderabla  lnteraat  In  ualng 
multiplexing  teohniquea  to  drive  an  array  of  paaalve  aenaora  from  one  aouroe  and 
deteotor.  Such  a  ayatem  waa  raoantly  reported  by  the  authora  (ref  1). 

The  baalo  operating  prlnolple  la  ahoen  in  figure  1.  The  ayatam  oonalata  of  a 
oonoatenated  aerlea  of  ldantloal  optloal  fibre  aenaora  (which  In  the  simplest  oaae  would 
be  oolla  of  fibre),  aaoh  Joined  to  the  next  by  a  partially-reflecting  Joint.  Paira  of 
optical  pulaea,  generated  by  applying  pulaea  of  RP  to  the  Bragg  cell,  are  launched  Into 
one  end  of  the  array.  The  firat  and  aeoond  pulaea  of  each  pair  have  allghtly  different 
frequencies  f(l)  and  f(2)  reaper. tively.  Aa  the  transmitted  pulaea  propagate  down  the 
array,  a  email  proportion  la  raf looted  baok  from  each  partially-reflecting  Joint,  and  a 
aerlea  of  reflaotiona  la  reoelvod  on  a  photodiode  (figure  3).  The  delay  between  the  two 
transmitted  pulaea  la  chosen  to  be  equal  to  the  two-way  propagation  time  through  eaoh 
aenalng  section,  ao  that  the  rsfleotlon  of  the  firat  pulae  from  a  particular  Joint  la 
received  simultaneously  with  the  reflection  of  the  aeoond  pulae  from  the  preceding 
Joint.  The  two  therefore  mix  on  the  photodiode  and  generate  a  heterodyne  signal,  whoaa 
phaaa  dapanda  on  the  difference  in  optical  paths.  However  their  paths  only  differ  by 
twice  the  length  of  the  aenaor  that  separates  the  two  relevant  reflecting  Joints,  and 
therefore  changes  in  the  length  of  this  aenaor,  oauaed  for  example  by  aoouatlo  signals, 
modulate  the  phase  of  the  heterodyne  signal.  The  photodiode  output  oonalata  of  a 
sequence  of  ahort  buratn  of  phase-modulated  heterodyne  aignal,  each  corresponding  to  a 
particular  aenaor  in  the  array.  If  the  whole  cycle  la  repeated  oontlnuoualy  the 
photodiode  output  oonalata  of  a  aet  of  phasa-modulated  oarriera 
time-dlvleion-multlplexed  together.  The  acoustic  aignal  on  a  particular  aenaor  can  then 
be  recovered  by  demultiplexing  and  phaae-demodulatlng  the  photodiode  output. 

Reoently,  Improvements  have  been  made  In  four  main  arena:  development  of  partially 
reflecting  eplloea;  development  of  a  high  power  single  mode  gas  Inner  for  uua  in  the 
preaaut  ayatem;  development  of  a  balauoed-optlcal-path  arrangement  to  allow  shorter 
coherence  length  aouroea  to  be  uaad  In  future  ayatoma;  and  development  of  an  all-fibre 
frequency  ahlftor,  with  the  ultimate  aim  of  producing  a  oomplete  all-fibre  ayatam. 

Partially  reflecting  eplloea 

The  fabrication  of  aultable  low-loan,  partially  reflecting  Joints  la  crucial  to  the 
ayatem.  There  is  an  optimum  value  for  the  alee  of  refleotlon  required,  whioh  depends  on 
the  number  of  aenaora  in  the  array. 

For  an  array  of  tea  sensors  the  optimum  reflectivity  ia  calculated  to  be  in  the  range 
0.1*  to  3.0* ,  depending  on  the  aouroe  power  and  system  1 oases.  A  convenient  way  of 
producing  a  amall  reflection  with  low  evoaaa  loss,  la  to  introduce  a  ref  motive  index 
mismatch  Into  the  optical  beam.  Freanal  reflection  then  oooura  at  each  Interface. 
Early  breadboard  systems,  oonatruoted  to  show  the  feasibility  of  the  technique,  uaed 
fibre  Joints  with  a  small  air  gap  between  the  fibre  enda.  Thia  produced  a  pair  of 
sllloa/alr  interfaces,  eaoh  having  a  rafieotivlty  of  approximately  4*,  in  effect  forming 
a  low-finaaae  Fabry  Perot  cavity.  The  total  refleotlvity  of  auoh  a  eplio*  la 
approximately  a  sinusoidal  funotlon  of  the  fibre  end  separation,  having  maxima 
approaobing  16*  and  minima  cloae  to  aero.  Splices  fabricated  In  thla  way  were  rather 
loaay,  and  the  refleotlon  coefficient  waa  highly  eensitive  to  environmental  effecte  euoh 
as  temperature  and  atraln  on  the  eplica  aupport.  This  latter  effect  waa  due  to  the 
difficulty  of  adequately  supporting  the  fibre  ends  and  maintaining  their  separation. 

improved  eplloea,  having  greater  stability  and  lower  transmission  losses,  have  raoantly 
been  produoad  by  setting  the  fibre  anda  In  trnnaparant  madia  having  a  different 
refraotive  index  from  ailioa  (figure  3).  Thla  technique  still  products  a  double 
reflection  and  aplioe  reflectivity  is  therefore  still  a  funotlon  of  and  separation,  but 
ones  tha  potting  medium  has  eat  the  aplioe  ia  quite  stable  and  relatively  lneeneitive  to 
environmental  effeota. 

Varioua  different  potting  madia  have  been  triad,  lnoludlng  UV-aattlng  cement  (raf  index 
“  1.61),  visible  light  ourad  adhesive  (raf  index  »  1.69)  and  polystyrene  (raf  Index  - 
1.6).  The  optically  ourad  adhesives  art  particularly  convenient  to  uaa  and  give  maximum 
theoretical  reflootivitiaa  of  0.16*  and  1*  for  tha  typea  mentioned  above.  Polystyrene 
gives  a  theoretical  maximum  rafieotivlty  of  1*  but  muot  be  malted  In  order  to  make  the 
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Joint,  although  thin  can  be  done  easily  with  a  email  electrical  hei.ter  element.  In  this 
way  polystyrene  splices  have  been  made  with  reflection  coefficients  of  0.5%  to  0.8%  and 
a  transmission  loss  of  0.5  dB. 

High  power  single  mode  gas  laser. 

The  laser  used  for  initial  experiments  on  the  sensor  array  was  a  lmW  HsNe  device 
operating  at  a  wavelength  of  1152  nm.  This  had  a  multi-longitudinal  mode  output  which 
was  responsible  tor  a  certain  amount  of  fading  of  the  received  heterodyne  signal,  due  to 
drifting  of  the  modes  within  the  laser  gain  ourve.  Additionally,  the  lmf  output  power 
was  only  sufficient  to  drive  an  array  of  up  to  two  sensors  plus  a  downlead.  An  Improved 
source  was  therefore  developed,  with  the  aim  of  producing  tOmt  output  in  one 
longitudinal  mode. 

Conventional  gas  lasers  have  an  output  spectrum  consisting  of  a  set  of  discrete  lines  or 
modes,  whose  frequency  separation  is  dependent  on  the  length  of  the  cavity.  The  total 
number  of  these  modes  in  the  spectrum  depends  on  the  Doppier-broadensd  linewldth. 

Lasing  can  be  oonflned  to  a  single  longitudinal  mode  by  replacing  one  of  the  cavity 
mirrors  with  a  pair,  thus  forming  a  secondary  cavity  (figure  4).  The  aeoondary  cavity 
behaves  like  a  single  mirror  with  wavelength  dependent  reflectivity,  maxima  ooouring 
when  the  oavlty  length  is  an  integral  number  of  naif  wavelengths.  Labor  modes  having 
wavelengths  that  do  not  oolnolde  with  these  reflection  maxima  will  be  suppressed.  Thus 
by  Judicious  ohoioe  of  mirror  reflectivities  and  epaoings,  a  three  mirror  single  mode 
laser  can  be  constructed. 

Such  a  laser  was  constructed  to  operate  at  11A2  nm.  A  rigid  structure  of  Invar  rods  was 
used  to  support  the  gas  discharge  tube  and  the  throe  mirrors.  The  low  thermal  expansion 
coefficient  of  Invar  helped  to  minimise  the  affect  of  temperature  fluctuations  on  the 
mirror  separations,  but  a  plesoelsctrlo  support  for  one  of  the  mlrrois  was  still 
neoesaary  to  control  the  length  of  the  secondary  oavlty  and  maintain  single  mod« 
operation. 

Figure  5  shows  the  omission  spectra  of  the  laser  with  two  and  three  mirrors:  an 
interference  filter  was  used  to  rsmove  low  intensity  lines  at  wavelengths  other  than 
1152  nm.  The  laser  had  a  total  output  power  of  13mV,  with  BoW  concentrated  In  a  single 
mode  at  1152  nm. 

Balanced  optical  path  interferometer . 

In  the  basic  system  described  in  the  introduction,  the  two  light  beams  that  interfere  on 
the  photodiode  to  produce  a  signal  originate  in  the  laser  oonseoutively  with  a  time 
difference  t.  This  means  that  the  coherence  time  of  the  laser  must  exaeed  t,  or  the 
beams  will  not  interfere.  On  ourrent  systems  t  is  of  the  order  of  lus  and  the  coherence 
requirement  has  therefore  precluded  the  use  of  short  cohsrenoe  length  sources  such  ao 
semiconductor  or  solid  state  lasers,  both  of  which  aro  more  oompaot  and  rugged  than  gas 
laser j.  A  second  oonsequonoe  of  the  time  difference  between  the  generation  of  the  two 
interfering  pulses,  is  that  any  fluctuations  in  laser  frequsnoy  will  oause  fluctuations 
in  the  heterodyne  frequency,  which  are  indistinguishable  from  phase  modulation  due  to 
sound  on  the  eeneor.  The  balanced  optloal  path  configuration,  deeoribed  below,  avoide 
both  thee#  problems  and  in  expected  to  reduce  laeer  mlcrophony  In  current  nyatems  and 
enable  Nd : VAQ  or  semiconductor  laaers  with  phase-noiso  reduction  to  be  used  In  future 
systems. 

A  bslanoed  optical  pstb  la  aohiavsd  by  gsnsratlng  ths  transmitted  optloal  pulse  pair 
from  a  single  initial  pulss,  whioh  Is  split  into  two  paths,  one  of  which  con  sins  a 
delay  and  a  frequency  shifter.  The  two  paths  ars  than  ooublnsd,  pioduoing  the  required 
pairs  of  pulaea.  Thle  "pre-delay"  Is  mstohsd  to  ths  dlffsrsntial  daisy  in  the  sonaor 
array,  thus  forming  a  bslanoed  system,  with  the  minimum  souroe  coherence  length  being 
determined  by  the  error  in  matching  the  delays. 

Figure  6  shows  an  all-flbrs  configuration  of  ths  bslanoed  system  using  s  fibre  serrodyoe 
frequency  shifter  currently  under  development.  This  device  ie  deeoribed  in  the  next 
eeotlon. 

All-fibre  frequency  shifter 

It  is  well  known  that  an  optloal  phase  shifter  can  be  driven  with  a  ramp  waveform  to 
produce  a  frequsnoy  shift  (rsf  2).  A  aimpls  optloal  fibre  phase  shifter  can  be 
constructed  by  winding  fibre  on  to  a  tZT  cylinder  (ref  3);  voltages  applied  to  the  PZT 
strain  the  fibre  and  produoe  n  phase  shift  In  the  propagating  light.  Howevar,  if  such  a 
PZT  is  driven  with  a  sawtooth  waveform  to  produce  a  frequency  shift,  severe  ringing 
ooours,  particularly  on  the  flybaok,  resulting  in  a  badly  distorted  pbase  ramp.  Vo  have 
devised  three  modifications  to  this  simple  idea,  for  reducing  the  reconcnois  and 
improving  the  fidelity  of  the  reaponse. 

A  small  strain  gauge  waa  attached  to  the  PZT  cylinder  lu  order  to  monitor  its  response. 
The  baslo  intention  was  to  apply  fssdbaok  to  force  ths  PZT  to  follow  the  applied  drive 
signal  accurately.  Initially  the  transfer  function  of  ths  PZT  was  found  to  have  large 
phase  ahifts  coinciding  with  its  resonances,  and  these  had  to  bo  rsduosd  by  msohanioal 
damping  before  fssdbaok  oould  bo  applied,  or  the  system  would  have  oscillated.  This  was 
aohioved  by  pioking  the  PZT  in  a  proprietary  plastic  damping  oompound.  Modification  of 
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the  ramp  waveform  used  to  drive  the  PZT  ao  aa  to  remove  the  aharp  edges  without 
affecting  the  linear  portion  also  ho 1 pud.  Negative  feedback  was  then  applied  (figure  7; 
and  resulted  In  a  considerable  improvement,  the  ouptut  of  the  strain  gauge  accurately 
following  the  PZT  drive  aignal  at  ramp  repetition  ratea  up  to  lOKHm. 

The  device  waa  Incorporated  into  one  arm  of  a  fibre  Maoh  Zehnder  interferometer  ao  that 
ite  optioal  parformanca  could  be  Investigated.  The  heterodyne  aignal  ganerated  at  tha 
output  of  the  interferoaator  during  the  linear  ramp  aeotlone  waa  found  to  be  ellghtly 
dletorted,  indicating  that  the  optioal  fibre  waa  not  experiencing  quite  the  anise  etraln 
aa  the  etraln  gauge.  Further  modifications  are  therefore  requited  before  the  devioa 
will  be  of  praotloal  use;  however  these  early  reeulta  are  highy  encouraging  and 
aubaequent  devloea  are  expeoted  to  give  improved  performance. 

Conclusion 


We  have  described  a  fibre  optio  hydrophone  array,  ooneieting  of  a  chain  of  pasoive 
aenaort  addreeaed  by  ooberent  optioal  time  domain  refleotometry ,  and  recent  program 
made  in  improving  the  ayetem.  Tbe  areas  la  whioh  improvements  were  described  are: 
fabrication  of  reflective  eplioea  between  aeneora;  tbe  construction  of  a  high 
performance  gas  laaer  source;  modif ioationa  to  the  optical  system  to  enable  ehort 
ooherenoe  length  souroea  to  be  uaed  in  aubaequent  eyatema;  and  an  all-fibre  aerrodyne 
frequency  shifter. 
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Figure  1>  The  basic  r«f Uctoraatric  isnsor  array, 
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UV-wHIng  cuminl’ 


Vlgutt  3.  Construction  of  pirti«lly-r«fl»qting  ipUct*  uiing  UV-»«tting  cement  or 
poiyetyrene. 


Inv»r  cavity 


Figure  4,  Conetruotian  of  ilngU-mode,  9mW,  ilJ2nm  HeNe  leesr. 


frequency  frequency 


(•)  (b) 


Figure  5.  Fabry  Faroe  intarf aroma tar  acana  of  later  output i 

(a)  Multimoda,  two  mirrora,  0.9m  cavity 

(b)  Monomode,  throa  mirrori,  0.9m  a  0.18m  cavitiaa 


combined  frequency 

pulled  later  ihlfftr  anddaley 


optical 

receiver 


Figure  6,  All-fibre  aanaor  array,  uaing  ahort  coherence  laaar  and  combinad 
fraquenr.y-ehlftar  and  dalay. 


Figure  7,  Optical  fibra  aarrodyna  frequency  ahiftar. 
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DISCUSSION 


S.Watanabe,  US 

Do  you  see  significant  variations  in  mixing  efficiencies  among  die  multiplexed  sensors? 

Author’s  Reply 

Yes,  this  is  due  to  polarisation  fluctuations.  We  have  wayii  compensate  for  this  but  we  ere  not  compensating  at 
present.  An  expensive  way  to  cure  the  problem  is  polarization  preset  ring  fibres. 
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MAGNETIC  AND  PRESSURE  SENSORS  USING  THE  COMPENSATED 

- POLARIHETRIC  gggggg ' CONPIOPRATiaV 

J  P  DAKIN,  C  R  BATCHELLOR  AND  J  A  REX 

PLESSEY  ELECTRONIC  SYSTEMS  RESEARCH  LIMITED 
ROKE  MANOR,  ROMSEY,  HAMPSHIRE,  ENGLAND 


AB8TRACT 

Two  identical  lengths  of  high  birefringence  fibre  spliced  together  with  a  00°  axial 
rotation  to  oouple  their  orthogonal  blrefringent  axes  form  the  basis  of  a  compensated 
polar lmetric  optioal  fibre  sensor.  This  can  be  used  to  detect  differential  strains  in 
the  two  fibre  lengths  oaused  by  such  phenomena  as  hydrostatic  pressure  or  magnetic 
fields  (the  strain  being  introduced  by  magnetostriotlve  material  bonded  to  the  fibre). 
Magnetic  and  pressure  sensors  have  been  oonstruotnd  using  this  principle  and  have  shown 
good  sensitivity  yet  better  stability  than  Maoh-Zehnder  arrangements. 

INTRODUCTION 

The  polarimetrlo  optioal  fibre  sensor  was  first  proposed  by  Rashlelgh  of  the  U.S.  Naval 
Researoh  Laboratory  and  has  been  used  to  detect  acoustic  and  magnetic  fields, 
temperature,  electrical  current  and  strain  (Ref.  3).  The  compensated  version  developed 
at  Plessey  ESR  (Ref.  1)  offers  two  main  advantages  over  the  original  polarimetrlo 
sensor.  Firstly,  the  original  sensor  of  reference  3  could  show  an  undesirable  response 
to  ohanges  in  its  ambient  conditions,  as  well  as  detecting  the  parameter  required, 
whereas  the  compensated  polarimetrlo  sensor  (CPS)  is  insensitive  to  any  oomnon-mode 
change  of  ambient  conditions  affeoting  both  halves  of  the  fibre.  Secondly,  the  CPS  is 
much  less  sensitive  to  phase  noise  in  its  light  source,  and  can  even  employ  a  relatively 
incoherent  LSD  source  when  well  balanced  (Ref  2). 

We  will  first  describe  the  theory  of  operation  and  the  oonstruatlon  of  a  compensated 
polarimetrlo  optical  fibre  sunsor  system,  and  then  the  application  of  this  system  to  the 
measurement  of  AC  and  DC  magnetic  fields,  and  to  the  measurement  of  differential 
hydroststio  pressure.  Finally,  we  will  briefly  describe  a  method  for  conferring 
download  Insensitivity  tc  these  sensors. 

Theory  of  Operation  of  the  Compensated  Polarimetrlo  Sensor  System 

A  conventional  polarimetrlo  sensor  (Fig.  1)  uses  a  length  of  polarisation-maintaining 
optioal  fibre,  which  transmits  light  in  two  orthogonally  polarised  modes  which  have 
different  propagation  velocities.  Plane-polarised  light  launched  into  the  fibre  at  46* 
to  its  polarisation  axes  will  oouple  equal  optioal  power  into  each  of  the  two  modes. 
The  fibre  introduces  a  phase  delay  between  the  two  modes  propagating  along  it.  Changes 
in  this  delay  can  be  observed  simply  by  using  an  analyser  at  45°  to  the  polarisation 
axes.  The  light  intensity  passing  through  the  analyser  is  proportional  to  1  +  cos  i 
where  i  la  the  relative  phase  delay  between  the  two  polarisation  modes.  External 
physical  fields  can  be  made  to  change  this  phase  delay,  and  are  hence  detected  as  oyolio 
variations  of  the  analyser  output.  More  sophisticated  polarisation  analysers  can 
provide  compensation  for  Intensity  changes  and  even  allow  traoking  of  phase  ohanges  over 
more  than  2  vr  radians.  The  simple  polarimetrlo  sensor  has  two  disadvantages.  Firstly 
its  phase  delay  and  hence  output  signal  respond  to  ohanges  both  in  temperature  and 
ntraln  in  the  fibre.-  Secondly,  the  differential  phase  delay  Introduced  by  the  fibre  may 
be  as  great  as  3.10  radians  in  100  metres,  so  that  light  launohed  into  the  fibre  must 
be  highly  coherent  in  order  to  give  high  fringe  contrast  and  low  phase  noiee  at  the 
output  from  the  analyser. 

The  compensated  polarimetrlo  sensor  (Fig.  3)  overcomes  both  these  disadvantages.  It 
oouslsts  of  two  Identical  lengths  of  polarisation-  maintaining  fibre  whloh  are  eplloed 
together  with  a  90*  axial  rotation  in  order  to  oouple  orthogonal  polarisation  axes. 
Light  is  input  as  before,  but  the  phase  dolay  between  modes  introduced  In  the  first 
fibre  length  is  exactly  oanoelled  in  the  seoond.  The'  fast  mode  in  the  first  length 
couples  into  the  slow  mode  of  the  seoond,  and  vice  versa,  so  there  is  no  net  phase  delay 
at  the  output. 

any  uniform  ohange  in  the  physical  oonditlons  of  the  whole  sensor  will  not  affeot  the 
output  signal,  beoaune  the  resulting  change  in  the  first  length’s  phase  delay  is 
oanoelled  by  an  identical  ohange  in  th*  seoond  fibre  length.  The  parameter  to  be  sensed 
is  allowed  to  change  the  phase  delay  in  one  of  the  fibre  lengths  relative  to  the  other, 
oaueing  an  overall  phase  delay  which  is  detected  at  the  analyser.  Henoe  the  CPS  is 
sensitive  to  differential  mode  but  uot  common  mode  ohanges. 

As  the  overall  phase  delay  in  a  well  compensated  sensor  will  always  be  small,  a  light 
souroe  of  relatively  hlnh  phase  noise  will  normally  give  insignificant  exoesa  noise  at 
the  analyser.  Reference  3  describes  the  auoceosful  operation  of  a  CPS  with  an  LED 
source  showing  that  high  fringe  contrast  may  be  achieved  even  using  relatively  broad 
linewidth  sources. 

Construction  of  Basic  8ystem 


The  layout  cf  the  basic  CPS  oyster  is  shown  in  Fig.  3. 
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The  polarisation-maintaining  optical  fibre  used  In  this  study  was  type  HB  800/1  made  by 
York  Technology  Ltd.,  with  core  diameter  Sum  and  cladding  diameter  128um.  It  has  a 
"bowtle"  pattern  of  boroeillcate  glass  within  the  cladding  region  our  particular  example 
having  a  beat  length  of  2.4mm  at  a  wavelength  of  633nm. 

To  make  the  CPS  f.’.bre,  two  equal  lengths  of  polarisation-maintaining  fibre  were  out  and 
their  ends  bared  of  coating.  The  polarisation  axes  at  the  fibre  ends  could  then  be 
located  by  viewing  the  bowtle  pattern  on  the  fibre  endface  under  a  microscope.  Using 
this  technique,  the  fibre  lengths  were  aligned  end  to  end  with  a  relative  90*  twist. 
The  ends  were  then  laterally  adjusted  to  bring  the  fibre  cores  into  line,  using 
maximisation  of  light  transmission  between  the  lengths.  Pinal ly  the  ends  were  butted 
together  and  fusion  spliced. 

The  CPS  fibre  requires  an  input  light  beam  either  circularly  polarised  or 
plane-polarised  at  48*  to  each  polarisation  axis.  This  ensures  that  an  equal  intensity 
of  light  is  launched  into  each  polarisation  mode  of  the  fibre.  The  light  source  used 
was  a  Hltaohi  Hi,  7801E  laser  diode  which  emitted  infrared  light  at  a  wavelength  of 
780nu,  and  was  plane-polarised  horizontally  with  an  extinction  ratio  of  40. 

The  polarisation  axes  of  the  fibre  were  aligned  at  48*  to  the  laser  Junction.  For 
initial  experiments,  discrete  optical  components  were  ueed  to  efficiently  launch  the 
laser  into  the  fibre.  Naturally  in  a  practical  sensor  the  launching  eystem  may  be 
greatly  simplified  by  using  a  packaged  laser  with  a  factory-aligned  polarisation- 
maintaining  fibre  tail. 

The  polarisation  state  leaving  the  CPS  fibre  may  bn  most  simply  analysed  by  a  linear 
polariser  at  46*  to  the  polarisation  axes,  and  the  transmitted  light  measured  to  give 
the  sensor’s  output  signal.  This  was  performed  by  a  silicon  PIN  photodiode  covered  with 
an  infrared  polariser,  while  a  second  uncovered  silicon  photodiode  within  the  same 
package  measured  the  total  light  intsnalty  leaving  the  fibre  to  allow  compensation  for 
source  Intensity  fluctuation.  The  fibre  end  was  fixed  in  a  ferrule  and  held  firmly  in 
place  so  that  its  (unfoousaed)  output,  cone  of  light  illuminated  both  photodiodes,  with 
its  polarisation  axes  aligned  at  48*  to  the  axis  of  the  linear  polariser  (Fig.  4). 
Although  this  arrangement  has  higher  losses  than  a  polarisation  dependent  beam  splitter, 
it  has  significant  savings  in  both  ooat  and  complexity,  and  hence  is  a  more  practical 
proposition  for  many  low  oost  sensor  applications. 

The  photodiode  photoourrenta  are  converted  to  proportionate  voltages  by  transimpodsnoe 
amplifiers.  Thus  the  "analysed"  output,  V  ,  is  proportional  to  1  +  cos  4  (<J  »  phase 
delay  introduced  in  the  fibre  as  before*)  and  the  bare  photodiode  output,  V_,  is 
proportional  to  the  total  output  intensity.  These  two  signals  may  be  eleotronroally 
divided,  and  as  V  Is  also  proportional  to  total  output  intensity,  the  divider  output  is 
therefore  again  proportional  to  the  factor  (1  +  cos  ,  but  is  now  independent  of  the 
total  light  Intensity  in  tna  fibre  and  amplitude  noise  Is  eliminated. 

Application  of  the  Compensated  Polarimatrlo  System  to  Magnetic  Sensing 

A  magnetic  field  can  be  made  to  strain  an  optical  fibre  simply  by  bonding  the  fibre  to  a 
magnetoetrlctive  material. 


Magnetoetrlctive  material  deforms  parallel  to  an  Applied  magnetic  field,  with  the 
deformation  approximating  to  a  paraholic  function  of  field  strength.  The  magnetic 
sensor  was  oonntruoted  by  bonding  strips  of  magnetoetrlctive  metallic  glase  on  opposite 
sides  of  a  polarisation-maintaining  fibre,  forming  a  "sandwich"  as  illustrated  in  Fig. 
8.  Uetglass  20O8UC  metallic  glass  supplied  by  Allied  Corporation  was  used,  and  the  beet 
bonding  agent  was  found  to  be  a  rubber-based  contact  adhesive. 


The  mxgnetostriotlve  element  was  plaoed  in  a  solenoid  to  produce  a  magnetlo  field 
parallel  to  the  fibre.  Measurements  wsre  made  of  the  change  of  phase  delay, 
resulting  from  the  application  of  magnetlo  field, A  B.  The  DC  response  is  plotted  in 
Fig.  6;  the  curve  was  a  reasonable  approximation  to  the  expeoted  parabolic  shape,  exoept 
it  did  not  pass  through  the  origin,  due  to  an  offset  in  the  readings.  The  ordinate 
of feet  was  believed  to  be  due  to  magnetic  remanence  in  the  magnetostrlctlve  material, 
which  had  not  been  annealed,  whereas  the  abeoleea  offset  was  probably  caused  by  a 
systematic  phase  offset  from  the  point  of  quadrature  of  the  CPS.  From  the  shape  of  the 
curve,  it  is  apparent  that  the  small-signal  AC  eeneitivity  Improves  with  increasing  DC 
bias  field  as  anticipated.  Earlier  workers  have  already  reported  the  possibility  of 
annealing  the  magnetoetrlctive  material  to  reduce  remanence  but  the  long-term 
effectiveness  of  this  process  during  magnetlo  "cycling"  must  remain  in  question.  The 
frequency  response  of  the  magnetic  sensor  is  shown  in  Fig.  7;  the  amplitude  of 
alternating  phase  delay  resulting  from  an  AC  field  amplitude  of  87uT,  pine  a  DC  bias 
field  of  339uT,  is  plotted  agalnat  frequency.  There  are  several  peaks  of  response  due 
to  mechanical  resonances  of  the  magnetoetrlotive  element,  and  a  region  of  high 
eenaitivlty  around  20kHz  to  80kHz.  Here  the  sensitivity  per  unit  length  (with  a  DC  bias 
of  339uT)  is  given  by:- 


efij* 


1900  radiana. 
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where  L  is  the  length  ol  fibre  bonded  t**,  the  magnvtontriotive  strips  (10cm)  and  &H  is 
the-AC  field  amplitude.  The  minimum  detectable  field  o’  the  magnetic  eensor  Is  26eT^ 
Hz"*  (baaeg^upon  the  minimum  detectable  phase  change  of  vhe  deteotor  system  of  5  *  10 
radians.  Hz  ). 

Clearly,  the  uagnetia  censor's  response  oould  be  Increased  by  bonding  greater  lergthe  of 
fibre  to  the  magnetonirlctlve  element,  uelng  oonfigurationr  auoh  ae  illustrated  in  Pig. 
8. 

The  application  of  the  compensated  polai'lmet.rlo  uystem  tor  eanalae  pressure 

Isotropic  pressure  will  cause  strait  in  polarinatien-aaintaining  optical  fibre,  and 
henoe  a  differential  Bode  delay.  Therefore  t.  CPS  for  sensing  pressure  can  be  made 
simply  by  enclosing  one  of  the  fibre  lengths, in  a  chamber,  whioh  can  be  pressurised  with 
the  second  length  in  close  thermal  contact,  but  unproseuriaed.  for  this  study,  both 
fibre  lengths  r ere  enclosed  (Pig.  9)  ao  that  they  oould  be  independently  pressurised  in 
order  to  demonstrate  the  differential  and  common-mode  reeponee  of  a  compensated  sensor. 
The  sensor  wae  arranged  in  the  basic  CPS  configuration,  and  the  changes  of  phase  delay, 
4d,  resulting  from  step  changes  ir  the  differential  preenure  butenes  the  chambers,  AP, 
were  measured.  When  the  chamber*  were  air-filled,  the  sensor  was  found  to  respond  pore 
to  the  transient  temperature  rise  caused  by  adiabatic  compression  than  to  the  pressure 
riae  itself.  However,  temporarily  oovarlng  the  fibre  with  water  virtually  eliminated 
the  transient  component  of  the  response  due  to  this  temperature  rise.  (A  praotioal 
sensor  may  utilise  a  compliant  silicone  r  ibber  filling).  The  aenoltivity  per  unit 
length  wae  found  to  be 

AM  -  4.96  x  1O”0  radians.  Pa-1.®"1 
037 

where  L  is  tha  length  of  the  fibre  pressurised  (1.8m).  Pig.  10  compares  the 
differential  and  common  mode  reaponaee  of  the  pressure  aeneor.  Both  photographs  show  a 
trace  of  output  voltage  VR>  against  timo  ore r  a  40kPa  step  deorease  in  pressure.  TUe 
common  mode  reeponee  is  lees  than  3%  of  the  differential  response.  This  common  mode 
response  may  have  been  due  to  a  slight  Imbalance  between  the  lengths  of  fibre,  in  the  two 
chambers.  The  pressure  aeneor' a  response  may  be  Increased  almply  by  Increasing  the 
length  of  fibre  pressurised,  as  its  sensitivity  is  proportional  to  thla  length.  In 
addition,  this  ia  likely  to  improve  the  oommon  mode  rejection  ratio  is  email  errors  in 
matching  their  lengths,  or  positioning  of  the  fibre  within  the  ohambern  will  be  leas 
elgnif leant. 

A  Compensated  Polarlmetrlc  Sensor  with  Insensitive  Down leads 

The  oompeneeted  polarlmetrlc  sensora  described  so  far  hnve  been  sensitive  to  localised 
strains  or  temperature  changes  over  their  whole  lengths  from  eouroe  to  detector.  This 
wee  exploited  In  bringing  them  to  a  quadrature  point  by  localised  heating,  but  it  would 
not  be  desirable  in  a  praotioal  aeneor.  A  configuration  for  a  CPS  with  insensitive 
downleads  from  eouroe  to  aenelng  element  and  sensing  element  to  deteotor  ia  shown  in 
Pig.  11.  This  is  an  extension  of  a  previously  published  method  for  remotlng  a 
conventional  polarlmetrlc  eeneor  (Ref.  4). 

The  aenelng  element  consists  of  two  Identical  fibre  lengths  Joined  by  a  60*  splice  ca 
before,  whereaa  the  extension  leads  are  further  lengths  of  polarisation-maintaining 
fibre  spliced  to  the  sensing  fibre,  with  a  46*  relative  rotation  about  their  axes  ut 
each  splice.  The  light  eouroe  system  is  now  arranged  to  launoh  light  into  only  one 
plane-polarised  mode  of  the  first  dowtlead.  Thus  the  light  tranemitted  to  the  sensing 
pair  of  fibres  is  plane-polarlaed  at  48  to  their  polarisation  axes,  ae  required.  The 
light  leaving  the  sensing  element  would  be  analysed  Into  components  at  43°  to  the 
element's  polarisation  axes  by  the  eeooud  downlead.  The  intenolty  of  either  of  the 
plane-polarised  modes  leaving  the  second  downlead  would  be  measured,  to  give  an  output 
elgnal  proportional  to  1  +  cos  +  .  The  total  light  intensity  leaving  the  return  lead 

would  also  be  measured,  and  need  as  a  reference  to  confer  insensitivity  to  intensity 

changes  on  the  aystem. 

Since  light  in  only  one  mode  of  each  of  the  extension  leads  la  used  to  determine  the 
phase  delay  in  the  sensor  element,  changes  in  the  phase  delays  of  the  downleads  cannot 
affect  the  output.  Henoe  the  aeneor  syatam  le  insensitive  to  any  ohanges  in 

temperature,  pressure  etc.  that  may  be  experienced  by  the  downleads,  provided  that  this 
is  not  significant  enough  to  oauae  differential  attenuation  between  the  two  modes. 

Conclusions 

A  basic  compensated  polurlmetrio  aeneor  system  has  been  constructed  and  adapted  to 

meaaure  m§gne£if  fields  and  pjmaaure  glviqjL  aeuitivitiee  per  unit  fibro  length  of  1900 
radians. T  ,m  and  4.96  x  10  0  radians. Pa  .mi  respectively V9  With  the  deteotor  system 
capable  of  resolving  phase  jihamges  of  B  x  10  0  radians. Hz^1'  ,  the  minimum  detectable 
magnetic  field  was  ilBnT.Hit  '  ,  and  the  minimum  deteotable  pressure  change  was  0.67 
Pa. He  '  .  Thane  are  both  quite  auffloient  for  many  praotioal  aenelng  applications,  and 
greater  eenaitivltiee  oan  be  aohieved  simply  by  using  higher  lengths  of  optloal  fibre. 
In  addition,  a  method  of  making  the  sensing  element  remote  from  the  eouroe  and  detector 
system  has  been  presented. 
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FIGURE  6 1  DC  RESPONSE  OF  MAONETXC  SENSOR 


FIGURE  7 1  FREQUENCY  RESPONSE  OF  MAGNETIC  SENSOR. 


FIGURE  8 l  MAGNETOMETERS  WITH  IMPROVED  SENSITIVITY 


OPTICAL  AIIAl 


FIGURE  9 l  THE  PRESSURE  SENSOR 


TIMIt  0 M  A  TIM  OVII  A  AOWS  PWIWW  0*0* 
HOAilONTAL  KAVI  l  I  MCONO/  WVIIIOH 
VMIKAl  AC  Am  i  10  mV/OV  IIKM 


FIQURE  10 1  PRESSURE  SENSOR  RESPONSE  IN  DIFFERENTIAL 
AND  COMMON  MODES 


FIGURE  111  CPB  WITH  INSENSITIVE  DOWNLEADS 
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SUMMARY 

An  optioal-fi ibar  tanparatura  aanaor  la  praaantad  which  la  baaad 
on  light  amplitude  modulation  induced  by  a  tharmoaanaitiva  cladding 
applied  on  the  distal  and  of  the  fibae. 

Tha  experimental  aat-up  for  dotacting  and  proaaaaing  tha  aignal 
ia  described,  and  tha  measured  characteristics  of  tha  thermometer 
are  reported. 


INTRODUCTION 

Since  a  fay  years  optical  fibers  sensors  arc  under  investigation  and  application  in 
many  fields  for  measuring  various  physical  and  chemical  parameters.  The  use  of  optiaal 
fibers  offers  the  same  advantage  to  sensing  systems  as  they  do  to  telecommunication 
systems,  that  is  low  attenuation,  flexibility  and  reduoad  dimensions.  Further,  transmis 
sion  over  optioal  fibers  is  unaf footed  by  external  interference,  so  that  optioal  fiber- 
systems  can  be  used  in  high  voltage,  eleatrioally  noisy,  high  temperature,  corrosive  or 
other  stressing  environments.  They  often  offer  an  increased  sensitivity  over  existing 
techniques.  Two  main  classes  of  optical  fiber  sensors  are  usually  dafinedi  phase  sensors 
and  amplitude  sensors,  depending  on  how  the  physioal  or  ahamloal  variable  to  be  measured 
modulates  the  intensity  or  the  phase  of  the  light  in  tha  fiber.' 

The  phase  asnsors  offer  order  of  magnitude  increased  sensitivity  over  existing  techno 
logy,  but  usually  the  more  complicated  single  mode  technology  prevails,  while  the  advan- 
tage  of  the  intensity  sensors  are  tha  simplicity  of  construction  and  the  compatlbllity- 
with  multimode  fiber  technology. 

A  variety  of  multimode  fiber  sensors  have  been  proposed  and  tested  for  measurements 
of  different  parameters  ranging  from  displacements,  vibrations,  pressure,  temperature, 
to  bipod  velocity  and  flow,  blood  pH,  oximetry,  etc.  These  sensors  present  a  relevant 
practical  interest  either  in  industrial  and  biomedical  applications. 

In  the  industrial  field  optical  fiber  thermometers  can  be  utilised  for  temperature 
monitoring  (also  remote)  in  high  voltage  and  electrical  equipments  or  in  the  framework 
of  semiconductor  and  other  electronic  material  fabrication  proceeses  as  well  as  in  RF 
and  microwave  heating  of  food  or  of  other  materials  (for  instance  for  bonding  or  sealing 
purposes) . 

Other  interesting  applications  are  in  the  biomedical  field,  typically  for  temperature 
monitoring  and  for  thermal  distribution  determination  in  RF  or  microwave  hyperthermia  or 
in  photoradiation  therapy  of  malignant  tumors,  but  also  for  blood  flow  measurements  by 
thermodilution  technique.  The  main  requirements  for  biomedical  applications  are  high 
accuracy  in  the  physiological  range  30t50»C,  small  probe  dimensions  (for  insertion  in 
catheters  and  hypodermio  needles)  and  biooompatibllity  of  pritbe  materials.  Conversely 
industrial  applications  may  require  larger  temperature  working  ranges  but  with  a  lower 
acauracy  while  the  probe  must  be  sturdy  even  if  less  miniaturised. 

The  majority  of  tha  proposed  thermometers  utilise  the  fiber  only  for  light  transmif 
sion  to  and  from  the  sensor.  The  transducer  can  be  of  different  typei  for  instance  a 
Fabry-Verot  optical  oavity,  a  liquid  crystal  compound,  a  semiconductor,  a  birifrangent 
crystal  or  a  phosphor  grain  l”8.  Only  a  few  thermometers  make  use  as  the  sensing  element 
of  the  fiber  itself  and  in  particular  of  its  terminal  portion t  for  example,  by  using  a 
thermosensitive  cladding  or  a  rare  earth  doping  on  the  tip  it  is  possible  to 

obtain  back-transmitted  light  signal  intensity  modulated  by  the  temperature. 

The  present  paper  deals  with  a  new  temperature  sensor  previously  proposed  ®,l°rll 
which  utilises  the  attenuation  of  the  light  transmitted  along  a  multimode  fiber,  induced 
by  a  temperature  sensitive  liquid  olad  applied  on  a  terminal  portion  of  the  fiber  itself. 

Details  on  the  probe  construction  will  be  given  along  with  a  description  of  the  opto 
electronic  detection  and  processing  system.  Furthermore  results  will  be  reported  on  the 
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characterisation  of  the  thermometer  over  different  temperature  intervale. 

1.  EXPERIMENTAL  SET-UP 

The  used  fiber  ie  a  PCS  fiber  and  the  replacing  liquid  clad  ia  an  oil  exhibiting  a 
temperature  dependence  on  the  refractive  index  (Fig.  1) .  When  the  temperature  increase* 
the  refraotive  index  of  the  liquid  decrease*  with  a  consequent  increase  of  the  NA  of  the 
liquid  clad  fiber  portion.  Than  the  light  baokref looted  undergoes  an  attenuation  whioh 
decreases  by  increasing  temperature  within  definite  intervale  depending  on  the  used 
liquid.  By  utilising  different  liquids  with  different  refraction  index  at  room  temperatu 
re,  it  is  possible  to  make  the  device  sensitive  over  different  temperature  ranges.  The 
probe  experimental  configuration  is  shown  in  Fig.  2,  The  end  faoe  i*  mirrored  and  the 


Fig.  1  -  Working  principle  sketch.  Fig.  2  -  Probe  sxperlnwr'.  1  configuration. 

liquid  is  contained  in  a  glass  microcapeul*  cemented  to  the  fiber.  In  order  to  avoid  de 
terioration  of  the  cement,  due  to  pressure  by  the  liquid  clad  expansion  with  increasing 
tsmperatura,  the  bottom  of  the  oapsule  is  left  empty.  A  piston  separating  the  empty  from 
the  liquid  filled  region  allows  the  liquid  expansion  towards  the  empty  region.  An  open 
ring  plastlo  spacer  provides  fibsr  centering.  The  oapsule  and  a  portion  Df  the  fiber  arc 
coated  with  a  plastic  layer  for  protection.  By  using  a  200  wm  core  fibor  it  was  possible 
to  realise  miniaturised  probes  (1  cm  long,  and  with  an  overall  external  diameter  less 
than  1.3  mm) . 


Fig.  3  ahows  tha  schematic  view  of  the 
eeneor.  The  modulated  light  from  •  LED  is 
coupled  into  the  fiber.  A  four  way  optical 
fibor  coupler  provides  a  reference  signal 
and  a  diraot  signal  which  ia  sent  to  the 
distal  and  of  the  fiber  aonatituting  the 
seneor.  Tha  light  refleoted  backwards  i* 

■ent  along  the  aamo  fiber  through  the  beam 
apllttar  to  the  aignal  detector.  A  biaaed 
PIN  photodiode  (Fig.  4)  ia  uaed  aa  aignal 
detector  and  the  raaultent  voltage  is  arapli 
fled  aa  a.o,  signal.  A  good  auppreaiion  of 
the  nolae  ia  given  by  e  narrow  band  active 
filter  tuned  on  the  fundamental  frequency 
of  the  aignal,  followed  by  a  rootlfiar 
whioh  givaa  a  continuous  voltags  VB  function 
of  tha  maaaurad  temperature.  The  aamo  pro 
oeaaing  is  applied  to  the  reforenoe  aignal, 
and  the  oontlnuouu  voltage  vr  et  the  output 
of  the  ahannel  result*  proportional  to  the 
source  intensity  slons,  The  two  analog  al 
gnals  along  with  a  calibration  tharmooouple  Fig.  3 
analog  output,  digitalised  by  a  multiohan 
nel  12  bit  A/D  converter,  ere  proaasaed  by 
e  microcomputer  whioh  evaluetoa  the  ratio  Va/Vr 
aa  a  function  of  the  temperature,  thus  sliml 
nsting  short  and  long  term  source  fluctuation*. 


•tectranlo 

tytlam 

dllpUy 

-  Skstoh  of  tha  tampsrature  sensor 
system. 


Fig.  4  -  Analogic  auction  and  calibration 
thermocouple . 


2.  EXPERIMENTAL  REIULTi 

The  oharaotariiation  of  tha  thermometer  was  performed  by  calibration  and  response 
tima  ourvaa  recording  and  by  stability  taata.  Tha  calibration  eurvee  wars  obtainad  by 
immersing  tha  proba  in  a  thermostatic  water  or  oil  bath  (depending  on  tha  considered  tag 
paratura  interval)  along  with  an  accurate  calibration  thermocouple  (OMEGA)  and  by  plo£ 
ting  tha  sensor  output  Va/Vr  versus  thermocouple  temperature  on  a  digital  plotter  oonnac 
tad  to  tha  microcomputer. 

Tha  time  response  ourvas  ware  obtained  by  measuring  the  sensor  output  whan  tha  proba 
is  quickly  replaced  between  two  preset  thermostatised  baths ,  while  stability  tests  were 
performed  by  immersing  the  probe  in  a  preset  bath  at  a  constant  temperature  and  oonting 
oualy  recording  and  plotting  the  sensor  output  during  the  test  period.  Temperature  fig 
otuations  detaoted  with  this  type  of  measurements  include  also  the  influenoe  of  tempera 
ture  variation  of  the  external  environment  on  the  optoelectronic  system. 

Pig.  S  shows  a  typical  response  curve  which  is  linear  in  the  30*  «0°c  temperature 
interval  with  a  resolution  within  0.1°C  as  required  for  biomedical  applications. 

Pig.  t  shows  another  calibration  curve  obtained  with  a  probe  where  a  different  liquid 
(machine  oil)  was  used  as  clad.  In  this  case  the  curve 'exhibits  the  best  linearity  over 
the  100-130°C  interval  and  tha  resolution  results  better  than  1°C  which  is  quite  good 
fox  industrial  applications.  In  both  oaaea  3-7  m  long  fibers  wara  used;  howaver  longer 
fibers  for  rnmota  measurements  can  be  uaed  with  a  raaultant  lowar  accuracy.  Tha  maaaurad 
riaa  time  resulted  of  1  sac  and  the  eaouracy  derived  from  stability  taat  ovar  6  hours 
reeultad  uf  ±0.3°C. 


MrlMNCI  TlnrlMIUM  I'cl  IIFUKCI  TIHHUIUII  (*d 


Pig.  3  -  Typiaal  raaponaa  curve  Pig.  6  -  Typical  raaponaa  curve 

(biomedical  applications) ,  (industrial  applications) . 

3.  FURTHER  IMPROVEMENTS 

In  order  to  obtain  a  mors  compact  system  with  digital  dieplay  of  the  measured  tempera 
ture,  the  electronic  end  processing  system  of  the  sensor,  was  modified  by  replacing  the” 
microcomputer  and  the  A/D  interfaoe  before  deaarlbed  with  e  simple  voltage-to-time  oon 
verter  followed  by  e  microprocessor  end  e  display  unit  (Pig.  7).  The  voltage-to-time  ” 
converter  produces  e  time  interval  proportional  to  the  ratio  between  the  signal  and  tha 
referanoa.  This  time  interval  ia  maaaured  by  tha  mioroprooaaeor  which  provides  to  drive 
tha  display.  Assuming  an  interval  where  the  temperature  T  ie  a  linear  function  of  the 
ratio  batwaan  tha  signal  and  tha  rafaranoa,  it  ia  possible  to  eeleot  tha  time  constants 
■o  to  obtain  a  diaplayad  number  representing  tha  temperature  value.  Of  oournr  the  mior£ 
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proasssor  could  bs  programmed  »o  to  meke  a  calibration  also  ovar  a  tamparaturo  range 
whara  tha  raaponaa  curve  ia  not  linear. 

Fig.  8  ahowa  tha  paakaga  of  tha  optoalaotronia  eyatem  (LED,  beam  aplittar,  dataotora 
with  alaotronio  circuits)  oonnaoted  to  tha  eenaor  and  to  tha  prooasaing  and  display  unit. 
Tha  system  was  also  provided  with  a  convenient  auhieldlng  and  with  filters  ho  to  be  in 
aansitiva  to  tha  electromagnetic  noiso. 


display  unit. 


rig.  8  -  Thormossnsitive-clad  optical 
fiber  temperature  aanaor. 
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DISCUSSION 


J,  Fridman,  US 

(1)  You  arc  using  a  thermocouple  to  calibrate  your  fibre  optic  senior,  and  in  that  sense  you  are  limited  by  the  resolution 
and  response  time  of  the  thermocouple  to  calibrate  a  much  more  sensitive  device,  with  a  potentially  much  higher 
accuracy  and  resolution.  Why  couldn't  you  use  an  absolute  calibration  that  makes  use  of  the  change  of  N  A  as  a  function 
of  n(T),  rather  than  depend  on  a  thermo-mechanical  device?  (2)  In  medical  applications  that  we  have  encountered  e.g, 
temperature  field  around  loser  probe  when  illuminating  skin,  muscle  tissue  or  blood  vessels  a  probe  response  smaller 
than  milliseconds  is  required.  Why  does  your  device  have  such  a  high  response  time  of  1  second? 

Author's  Reply 

(1 )  The  performance  of  our  sensor  Is  widely  sufficient  for  tho  application  we  had  in  mind,  such  as  hyperthermia,  where 
there  Is  the  problem  of  Interference  of  R.F.  with  thermocouple,  However  the  resolution  of  thermocouple  we  used  for 
calibration  (OMEGA)  was  0,0 1’C  and  therefore  sufficient  for  calibrating  our  senaor,  (2)  The  time  response  can  be 
Improved  by  miniaturizing  the  probe  and  making  the  capsule  of  silver. 
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OPTICAL  FIBER  SENSORS  FOR  THE  MEASUREMENT 
OF  PULSED  ELECTRIC  CURRENTS* 
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SUMMARY 

Raaant  progress  in  the  design  of  fibar  sensors  for  pulsed  alaotrio  currants  is 
reviewed.  Savoral  of  the  most  useful  sensor  configurations  ars  described  and  aomparad. 
Models  are  used  to  predict  the  transfer  function  of  these  sensors,  their  sensitivity  to 
non* ideal  fiber  properties,  particularly  linear  birefringence,  /and  methods  for  overcoming 
these  problems.  Other  recent  research  is  examined  to  suggest)  the  prospect  for  aenaors 
with  improved  sensitivity  and  stability. 

INTRODUCTION 

In  the  development  and  tasting  of  weapons  and  weapon  delivery  systems  and  in  con¬ 
trolled  fusion  reaearoh,  the  need  to  measure  very  large  pulsed  alaotrio  aurrents  arises 
frequently.  These  measurements  must  often  be  performed  in  the  presence  of  substantial 
electromagnetic  interference,  making  the  use  of  conventional  sensors  difficult.  Optiaal 
sensing  techniques  can  effectively  eliminate  this  interference. 

In  this  paper  we  deaaribe  recent  progress  in  the  design  of  current  sensors  based  on 
the  Faraday  effect  in  single  mode  optical  fiber.  These  sensors  are  being  used  success¬ 
fully  in  several  measurement  systems  at  Los  Alamos  and  Bandia  National  Laboratories  where 
the  pulsa  amplitudes  range  from  about  100  A  to  SO  MA  with  durations  as  short  as  1  us. 

BASIC  8EN0OH  DESI0NS 

The  Faraday  effect  is  «  magnetically  induced  rotation  of  the  plane  of  polarisation 
of  linearly  polarised  light,  given  by 


»  -  v  /  tf  .  Aa  U) 

Where  t  is  the  rotation,  V  is  a  material  parameter  known  as  the  Verdet  constant,  B  -  uoH 
is  the  magnetic  flux  density,  and  s  is  the  direction  of  propagation.  In  an  optical  fiber 
current  sensor  [1,2,3]  one  or  mors  loops  of  single  mods  optical  fibar  surround  the 
elaatrlaal  conductor.  Then,  since 


if'H  •  As  «  I  (2) 

about  any  aloeed  path  around  a  conductor  carrying  a  current  I,  the  plane  of  polarisation 
of  light  propagating  in  tha  fiber  ie  rotated  by  an  amount 

•  -  UpVNI  (3) 

Where  N  le  the  number  of  turna  of  fibar  around  tha  conductor.  For  a  aingla  turn  of  fusad 
ailica  fiber  the  ratio  of  rotation  to  aurrant  la  approximately  263  deg/MA. 

To  measure  thie  rotation  the  fiber  is  usually  pieced  between  polarissrs  end  the 
transmitted  light  monitored  with  s  high  spaed  photodiode  (Fig.  1).  The  trenemittanae  of 
the  sensor  ss  s  funotion  of  current  depends  on  the  relative  orientation  of  tha  poinr- 
isara.  For  two  important  case*,  namely  crossed  polarisers  end  polarisers  at  43  dag  to 
each  othar,  tha  tranafar  functions  ars  given  by  (Fig.  2) 


.  Schematic  of  an  optical  fiber 
currant  tensor.  Linearly  polar¬ 
ised  light  passing  through  ona 
or  mors  turna  of  fiber  surround¬ 
ing  the  conductor  is  rotated  in 
proportion  to  the  current.  A 
polariser  at  the  output  allows 
tha  rotation  to  be  detected  as  a 
(.hangs  in  transmittanoa. 


Polariser 

Single  mode  fiber 


Polsrlser 

Conduotor 


Figure  I 


*u >S  Government  work,  not  subject  to  copyright. 
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Figure  2.  Computed  transfer  functions  for  tha  sensor  shown  in  Fig.  1  for  tho  case  of 
pol&riaera  aligned  for  minimum  tranamittanoa  at  aero  ourrant  (a)  and  for 
polariaere  oriented  for  a  tranamittanoa  of  0.5  at  aero  ourrant,  i.e.,  tha 
output  polaricer  at  45  dag  to  tha  minimum  tranamittanoa  orientation  (b). 


R(  8)  «  ^  (1  -  cos  26) 

(4) 

R(o)  «  j  (.1  *  ain  26), 

(3) 

respsativaly.  Tha  latter  oaaa  obviously  provide*  greater  aanaitivity  (near  e  ■*  0)  and  ia 
normally  uaad  for  tha  dataation  of  email  currents. 

Whan  tha  ourranta  to  be  measured  are  large,  tha  multivalued  nature  of  the  tranafer 
function  may  be  u  problem.  Often,  however,  the  general  ahapa  of  tha  waveform  ia  known  in 
advance  eo  that  ambiguities  can  be  reaolved  by  inapaotion.  Examples  of  auah  aaaes  are 
illustrated  in  Figures  3  and  4.  Figure  3  shows  raw  data  from  an  experiment  in  whiah  a 
oapaoitor  bank  waa  discharged  into  a  very  low  rasietanaa  load.  With  tha  prior  knowledge 
that  tha  current  waveform  should  approximate  a  damped  ainusoid,  it  ia  aaay  to  recognice 
the  peak  of  tha  first  half  cycle  at  about  5  us  and  tha  first  aero-crossing  at  about 
10.5  us.  Figure  4  shows  aome  processed  data  from  a  two  stage  explosively  driven  flux 
compression  generator.  The  ourrant  waa  initiated  by  capacitive  discharge  yielding  a  peak 
current,  of  about  l  MA.  After  one  stage  of  flux  compreasion  the  peak  current  increased  to 
about  10  MA  (Fig.  4s)  and  after  the  aeaond  stage  to  more  then  50  MA  (Fig.  4b).  Qood 
agreement  between  the  optical  sensors  and  conventional  sensors  (Rogoweki  coils)  also  used 
in  this  experiment  waa  observed  except  that  the  Rogowaki  nolle  in  the  second  stage  failed 
slightly  earlier  than  the  optlaal  sensor. 

Whan  the  general  ahapa  of  the  aurrent  waveform  in  not  known  in  advance  or  when  the 
data  ia  proceeeed  automatically,  a  two  polarisation  detection  scheme  can  be  used  to 
resolve  ambiguities  [4].  Figure  5  ahowa  such  a  system.  The  output  of  the  fiber  is  split 
with  a  polarisation-independent  beamsplitter,  allowing  the  detection  of  two  separate 
polarisation  components.  One  polariser-dstsctor  combination  is  oriented  for  minimum 
tranemittance  at  aero  ourrant  and  therefore  provides  a  cosinusoidal  transfer  function  of 
the  form  of  Eg. (4).  The  other  polar ( ser-detector  combination  is  oriented  for  a 


l 


l 
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time,  us 

Figure  3.  Raw  data  from  a  sensor  similar  to  that  shown  in  Fig.  1.  The  current  was  pro¬ 
duced  by  a  capacitor  bank  discharged  into  a.  low  resistance  load  and  approxi- 
matee  a  damped  ainusoid  with  a  peak  amplitude  of  about  2.4  MA. 
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figure  4.  Proceeded  data  from  a  two  stage  high-explosive-di iven  flux  compression  gener¬ 
ator  •  The  left  curve  ie  the  currant  measured  at  the  output  of  the  first ;  the 
right  curve  is  the  current  at  the  output  of  the  second  stage.  Time  sere  is 
the  firing  of  the  second  stage.  Points  are  from  the  optical  sensor;  solid 
lines  ere  from  a  Rogowski  coil. 


Detector 


Figure  5.  A  two  polarization  deteation  saheme  that  provides  both  sinusoidal  and  cosinus¬ 
oidal  transfer  functione  and  therefore  allows  resolution  of  ambiguities 
resulting  from  the  multivalued  transfer  function. 


Figure  6.  Schematic  of  a  Sagnac  interferometer  used  as  a  current  seneor.  No  polarizers 
are  required.  The  transfer  function,  which  is  identical  to  that  ehown  in 
Figure  lb,  is  independent  of  the  input,  polarization  statu. 


transmittance  of  0.5  (i.e.,  at  45  do'i  to  the  firat)  and  provides  a  sinusoidal  transfer 
function  of  the  form  of  Eq.(5).  The  rotation  can  be  determined  unambiguously  within  the 
range  -90  <  9  <  +90  by  examining  the  sign  of  the  sine  and  cosine  signals.  Furthermore,  if 
the  signals  ars  samplsd  at  least  once  within  each  90  deg  of  rotation,  multiple  rotations 
can  be  identified  [4]. 

An  Alternative  sensor  configuration  that  avoids  the  use  of  polarizers  entirely  is 
the  Sagnac  interferometer  [5]  shown  in  Figure  6.  As  in  an  optical  fiber  gyroscope,  a 
coupler  divides  the  input  light  into  equal  amplitude,  counter-propagating  waves  in  a 
fiber  coil.  The  coupler,  like  a  beamsplitter  in  an  interfarometer,  introduces  a  90 
degree  phase  shift  between  its  two  output  beams.  Therefore,  if  the  coil  acts  on  the 
counter-propagating  waves  reciprocally  the  two  components  combining  at  the  output  port 
cancel  and  all  the  power  ie  returned  to  the  input  port.  Any  nonreciprocal  affectu  in  the 
coil,  specifically  those  produced  by  rotation  or  a  magnetic  field,  cause  power  to  appear 
at  the  output  port.  For  the  caee  of  Faraday  rotation,  the  transfer  function  can  be 
obtained  either  by  considering  the  change  in  polarization  etate  of  the  counter- 
propagating  beams  or  by  resolving  the  input  state  into  orthogonal  circular  states  and 
considering  the  induced  phase  shifts.  The  result,  somewhat  surprisingly,  is  the  same  for 
any  input  polarization  state,  and  is  identical  to  that  found  for  a  coil  placed  between 
crossed  polurizerB  [Eq.(4)j, 
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effect  of  linear  birefringence  in  the  fiber 


The  sensor  characteristics  described  in  the  preceding  section  can  be  achieved  only 
when,  in  the  absence  of  applied  field,  the  propagation  characteristics  of  the  fiber  are 
independent  of  polarization  state.  This  is  not,  in  general,  a  good  assumption.  Indeed, 
the  primary  difficulty  with  fiber  current  f . nsors  is  that  linear  birefringence  in  the 
fiber,  resulting  from  inherent  geometrical  imperfections  and  stress  or  induced  by  applied 
stress,  can  seriously  distort  ths  transfer  function. 

Inherent  linear  birefringence  oan  be  effectively  eliminated  using  certain  manufac¬ 
turing  techniques.  Birefringence  resulting  from  applied  stress,  particularly  from  bend¬ 
ing,  remains  a  problem.  Bend-induced  linear  birefringence  can  be  predicted  analytically 
[6]  and  is  highly  reproducible  [7].  It  is  given  by 

Afl  -  Kx  r*/R2  (6) 

where  r  is  the  fiber  radius,  R  la  the  band  radius,  and  Kx  is  a  parameter  equal  to  about 
7.7  x  107  deg/m  for  allies  fibers  at  a  wavelength  of  633  nm. 


Faraday  rotation  in  a  linearly  blrefringent  medium  such  as  a  fiber  coil  oan  be 
modeled  using  Jones  calculus.  The  relationship  between  the  input  and  output  polarization 
states  ie  given  by  [8] 


Ex(z) 


VB) 


cos  -j  sin  ^ 

II  .in  £  co.  f  +j 

where  Ex  and  EL,  are  complex  electric  field  amplitudes, 
length,  F  is  the  Faraday  rotation , par  unit  length,  and 

Ci)2  .  (*1 5 a  +  (p)*. 


—I  sin 
▼  “  • 

At  is  the  birefringence  par  unit 

(0) 


Exv0) 


V0)J 


(7) 


Inspection  of  Eqe.(7)  and  (8)  indicates  that  When  F  <<  AS  the  matrix  in  Eq.(B)  approaches 
the  that  of  a  purely  linear  retardex ,  indicating  that  the  rotation  Id  effectively 
quenched.  When  F  >>  as  the  matrix  approachea  that  of  a  pure  rotation  (circularly 
blrefringent)  element. 


This  behavior  can  be  observed  in  the  computed  transfer  functione  shown  in  Figure  7. 
Figure  7a  ahowa  the  transfer  function  of  a  eensor  consisting  of  a  single  3  cm  diameter 
turn  of  125  um  diameter  fiber  between  crossed  polarizers  and  operated  at  C33  nm.  The 
bend-induced  birefringence  is  approximately  127  deg,  leading  to  significant  distortion  in 
the  amplitude  of  the  tranefer  function  for  rotations  less  than  about  1B0  deg  (about  0.7 
MA).  Figure  7b  ehows  the  transfer  funation  for  a  10  turn,  10  cm  diameter  coil  of  the 
same  fiber,  in  which  the  total  birefringence  is  about  382  deg.  In  this  case  both  the 
amplitude  and  the  periodicity  of  the  transfer  funation  « how  significant  distortion. 


TWISTED  FIBERS 


One  technique  for  overcoming  induced  birefringence  is  to  twist  the  fiber.  Twisting, 
like  the  Faraday  effect,  induces  a  rotation  or  circular  birefringence  in  the  fiber.  The 
magnitude  of  the  rotation  is  given  by  [9] 


0  “  g' 5  (9) 

where  n  is  the  rotation  per  unit  length,  5  ie  the  twist  per  unit  length,  end  g'  ie  a 
material  parameter  which  at  a  wavelength  of  633  nm  ie  equal  to  about  0.08.  The  twist- 
induced  rotation  may  be  added  algebraically  to  the  magnetically  induced  rotation  in 
Eq.(7).  This  ie  illustrated  in  Figure  8  Which  ehows  that  the  effect  of  twieting  is,  in 
aseence,  to  bias  the  sensor  av/ay  from  the  distorted  part  of  the  transfer  function.  The 
extent  to  which  the  trensfer  function  can  be  shifted  depends  on  the  relative  magnitude  of 
the  linear  birefringence  and  twist-induced  rotation  per  turn.  Since  for  a  given  twist 
per  unit  length  the  twiet  per  turn  inarea.es  ( linearly)  wTtfT  coil  diameter  ar.d  bend- 
induced  birefringence  per  turn  decreases  (inversely)  with  the  coil  diameter,  twieting 
becomeo  much  more  effective  with  larger  coil  diamotars  (Fig.  Bb  vereue  Fig.  Ba). 

Many  125  um  slliaa  fibers  will  withstand  twists  of  between  40  and  50  turns  per 
meter’  with  care,  some  will  reach  80  or  90  turns  per  meter.  For  small  coils  this  may  not 
bias  the  transfer  function  sufficiently  to  measure  dual  polarity  waveforms,  though  for 
■ingle  polarity  waveforms  less  bias  is  required  (Fig.  Ba ) . 

Another  difficulty  with  t'vistlng  ie  that  the  parameter  g1  defined  in  Eq.  (9)  is 
slightly  temperature  dependent  so  that,  when  large  amounts  of  twist  ere  used  the  bias  in 
the  tranefer  function  may  drift.  Ons  technique  for  eliminating  this  problem  ie  to  twist 
the  fiber  in  opposite  directions  about  itr.  oenter  [2];  any  drift  in  the  twiet-induced 
rotation  in  one  half  tends  to  be  compensated  by  an  equal  drift  in  the  other  half.  The 
affect  of  alternate  twieting  on  the  transfer  function  ie  to  shift  the  distortion  in  both 
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Figure  7.  Computed  transfer  functions  of  fiber  current  aencore  showing  the  effect  of 
bend-induced  linear  birefringence  in  the  fiber,  (a)  One  turn,  3  cm  coil 
diameter,  125  gm  fiber  diameter,  633  nm  operating  wavelength,  (b)  10  turns, 
10  cm  coil  diameter,  125  gm  fiber  diameter,  633  nm  operating  wavelength. 
Dotted  curves  show  the  transfer  functions  that  would  be  observed  if  linear 
birefringence  ware  not  present. 


Figure  S.  Computed  transfer  functionn  of  the  Bame  aensore  illuetrated  in  Figure  7  show¬ 
ing  the  effect  of  twieting  the  fiber,  (a)  The  3  cm  diameter  coil  using  a 
twist  rate  of  50  turns/m.  (b)  The  10  am  diameter  coil  using  a  twist  rate  of 
10  turns/m.  Dotted  aurvas  assume  no  linear  birefringence. 
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Figure  9.  Computed  transfer  funation  ahowing  tha  offeat  of  alternate  twisting.  Coil  ia 
tha  aama  aa  in  Figuraa  7b  and  8b  e/.aept  that  tha  polarizers  ara  or  I  anted  for  a 
transmittance  of  0.3  at  aaro  currant,  (a)  Tha  fibar  ia  not  twiatad.  (b)  Tha 
fiber  ia  twiatad  at  a  rata  of  10  turna/m  about  ita  canter.  Dotted  curvee 
eeaume  no  linear  birefringence. 


directiona  from  the  origin.  Thue  it  ia  moot  useful  in  sensors  designed  to  measure  small 
currants  and  which  therefore  use  polar iaara  oriented  at  43  deg.  The  transfer  funation  of 
a  10  turn,  10  cm  diameter  coil  in  that  configuration,  without  twiating  and  with  alternate 
twieting  ia  shown  in  Figure  9. 

Tha  effaot  of  twiating  on  a  Sagnac  currant  sensor  ia  qualitatively  similar  to  the 
effect  of  alternate  twiating  in  a  polar imetric  sensor.  Specifically,  the  tranefer  func¬ 
tion  remains  symmetric  about  taro  currant,  and  tha  distort  ion  onuaed  by  linear  birefrin¬ 
gence  ehifta  away  from  the  origin  (Pig.  10).  One  of  the  moat  important  properties  of  the 
Sagnac,  ite  insanaltivity  to  input  polarisation  state,  ia  retained,  at  least,  for  the 
symmetric  geometry  considered  hare. 


I,  MA 


Figure  10.  Computed  trenefer  function  for  a  Sagnac  interferometer  configuration  ahowing 
the  effeat  of  twieting.  Coil  ie  the  same  aa  in  Figuran  7a  and  8a.  Twiat 
rate  ie  30  turna  par  mater.  Dotted  curve  assumes  no  linear  birefringence. 
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Figurs  11.  Fixture  used  for  annealing  band  blrefrlnganoe.  The  material  i*  machinable 
ceramic .  The  fiber  lies  in  a  3  ran  wide  channol  and  makes  several  3  cm 
diameter  turns  around  a  hole  through  Which  a  conductor  can  be  plaoed. 


OTHER  TECHNIQUES i  ANNEALING  AND  HELICAL  CORE  FIBERS 

For  small  multiple  turn  aoils.  where  twisting  is  not  very  effective  in  eliminating 
the  offsets  of  linear  birefringence*  two  recently  developed  techniques  show  promise. 

One  is  to  form  the  fiber  into  the  desired  sansor  oonfiguration  and  then  reduce  the 
bend-induoed  birefringence  by  annealing  (Fig.  11)  [10].  Temperatures  between  600  and  700 
deg  C,  maintained  for  periods  from  several  hours  to  several  days  have  been  effective  in 
decreasing  the  birefringence  between  one  and  two  orders  of  magnitude.  Coils  with  diam¬ 
eters  of  3  cm  and  3  Va  turns  have  bean  tested  to  date.  Such  coils  retain  their  shape  and 
strength  after  annealing,  and  can  be  removed  from  tha  annealing  fixture,  if  desired. 
Measured  transfer  functions  at  low  frequency  and  low  current  demonstrate  theoretical 
reaponae. 

Another  rocent  development  is  a  helical  corn  fiber  [11].  Such  a  fiber  exhibita 
circular  birefringanca  and  thua  bahavea  much  like  a  twiated  fibar.  Potentially,  it  ia 
much  aupericr  to  twieting  in  that  a  higher  degree  of  circular  birefringence  can  be 
obtained  (a  baat  length  of  less  than  10  ran  has  bssn  aohisvsd  to  dats)  and,  because  thu 
birefringence  ia  induced  by  tha  helical  geometry,  it  should  be  ineeneitive  to  tempera¬ 
ture. 

CALIBRATION 

An  advantage  of  Faraday  rotation  current  censors  is  that,  aside  from  the  difficul¬ 
ties  introduced  by  linear  birefringence,  a  knowledge  of  the  Verdet  constant  is  sufficient 
to  provide  calibration  [Eq. (3)].  Tha  Verdet  constants  of  many  bulk  glasses  are  known  but 
relatively  little  data  has  bssn  available  on  optical  fibers. 


Constant 


S3? 

Figurs  12.  Schematic  of  a  ayetem  uaed  to  maasurs  the  Verdet  conetant  of  optical  fibtr. 

The  magnetic  field  ia  supplied  by  a  1  m  long  eolsnoid  having  about  3100  turne 
and  oparatad  at  about  30  A.  Tha  aacond  coil  is  operated  at  100  Hs  and 
provides  a  dither  signal  to  facilitate  alignment  of  the  polarizers. 
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Figure  12  shows  a  aolanoid  system  recently  constructed  at  NB5  to  measure  the  Verdet 
const.ante  of  fibers.  An  advantage  of  ualng  a  aolenold  la  that,  provided  the  fiber 
extends  beyond  the  fringing  fielda,  only  the  exaot  number  of  turna  and  the  current  need 
to  be  known  (l.e.,  neither  the  length  of  fiber  in  the  field  nor  the  magnetic  field  aa  a 
function  of  length).  The  eolenoid  presently  used  ia  1  m  long,  has  about  3100  turna,  and 
is  driven  at  about  30  A.  The  fiber  ia  placed  in  the  solenoid  with  polarizers  at  the 
input  and  output.  The  fiber  also  pasaes  through  a  smaller  coil,  which  ia  driven  at  about 
100  He  and  provides  a  dither  signal  to  facilitate  orientation  of  the  polarissre. 

To  date,  moat  of  the  fibers  tested  have  shown  Verdet  constants  within  a  few  percent 
of  the  value  for  fusad  silica,  2.1  dsg/cm»T  at  033  nm.  This  includes  the  two  types 

?enerally  used  in  our  laboratories  for  currant  sensors — a  silica  core,  f luor ins-doped 
nnsr  cladding  fiber,  and  a  germanium-doped  core,  all-silica  cladding  fiber. 

IMPROVED  SENSITIVITY 


It  is  widely  believed  that  the  relatively  small  Vsrdat  constant  of  fiber  limits  the 
application  of  fiber  aurrent  sensors  to  applications  involving  very  large  currente. 
Actually,  if  other  noiae  sources  can  be  reduced  to  the  point  that  shot  noise  in  the 
detector  is  the  limiting  factor,  quits  small  currents  can  be  measured. 

For  a  seneor  baaed  on  a  single  turn  of  fiber,  with  polarisars  oriented  at  48  deg 
(and  therefore  a  tranefer  function  of  the  form  of  Sq.(4)),  and  operated  at  633  nm  with 
sufficient  optical  power  to  produce  an  average  aurrent  of  1  mA  in  the  detector  (whiah, 
for  i  SO  II  system  makes  shot  noise  approximately  equal  to  Johnson  noise)  the  minimum 
detectable  aurrent  can  be  computed  to  be  about  2  mA/Hsl/*.  The  primary  obstaola  in 
achieving  this  level  is  amplitude  noiae  in  the  laser.  One  approach  to  reducing  laser 
noise  is  active  amplitude  stabilisation  with  an  external  modulator  on  the  laser.  Another 
la  to  detect  both  the  +45  dag  and  -45  dag  polarisation  outputs.  Subtracting  these 
signals  not  only  yields  rsduasd  noise  but  a  factor  of  two  increase  in  sensitivity 
[ Eq . ( 4 )  ]  • 

simply  increasing  the  number  of  turns  of  fiber  to  improve  the  sensitivity  is  limited 
by  the  extent  to  Whioh  linear  birafringanoe  can  be  controlled  and  to  Which  a  reduction  in 
the  reaponse  time  of  the  sensor  aan  be  tolerated.  Calculations  similar  to  thosa  pre- 
santad  abova  auggast  that,  using  relatively  large  (e.g.,  10  cm  diem)  aoils  of  twisted 
fiber,  it  may  be  practical  to  use  more  then  100  turns.  The  response  time  of  e  100  turn, 
10  am  diems tar  coil,  assuming  transit  time  to  be  the  limitation,  is  about  160  ns. 

Several  research  groups  are  now  exploring  the  possibility  of  producing  fibers  with  s 
higher  Verdet  constant  [12,13,14,15].  Among  the  possibilities  era  fibers  containing  laad 
and  various  rare-earth  elements.  An  examination  of  date  for  various  oommaroisl  bulk 
glasses  suggests  that  an  increase  in  the  Verdet  constant  of  a  factor  of  10  to  20  might  be 
achieved  in  thia  way. 

CONCLUSION 

Substantial  progress  has  been  made  in  the  development  of  optical  fiber  sensors  for 
pulsed  electric  currents  and  these  eeneora  have  now  become  the  preferred  technology  for 
the  measurement  of  very  large  amplitude  pulsee.  Recent  developments,  including  the 
availability  of  optiaal  fiber  with  improved  polarisation  properties  and  more  complete 
modelling  of  the  fiber  and  seneor  configurations,  end  research  results  on  annealing, 
helical  acre  fibers,  and  increased  Verdet  constant  fibers  leads  to  optimism  toward 
further  improvement,  particularly  in  stability  and  sensitivity.  Th#  development  of  a 
sensor  with  e  diameter  of  1  cm  end  e  minimum  detectable  aurrent  of  the  order  of  a  few 
uA/Hs1'1  seems  possible. 
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SUMMARY 


lha  rotation  of  tha  polariaation  allipaa  taking  plunn  in  a  low-birafrlnganca  oingla  moda  optical  fibar  and 
aaaociatad  with  tha  nonlinear  optioal  Xarr  affact  ia  thaoratioally  Invaatigatad.  A  datailad  daaoriptlon  of 
a  propoaad  experiment  for  measuring  tha  nonlinaar  ra tract iva  index  n  through  tha  allipaa  rotation  ia  alao 
furnished. 


1.  INTRODUCTION 

Optioal  fibara  with  ailiaa  ooraa  ara  extensively  uiad  for  tha  experimental  damonutretion  of  many  nonlinaar 
optioal  phanomana i1  Vhia  ia  baaiaally  due  to  the  relatively  long  propagation  langtha  along  which  tha  nonli_ 
nuar  interaction  takes  place  in  fibara.  Corraapondlngly ,  tha  powar  la vale  required  to  produce  observable 
nonlinaar  affaota  ara  much  lower  in  fibara  thah  in  hulk  madia. 


Tha  optioal  Karr  affact,  aaaociatad  with  a  rafraotiva  index  changa  linearly  dependant  on  tha  fiald  intanai__ 
ty,  haa  bean  both  thaoratioally  and  experimentally  invaatigatad  in  the  caae  of  high-birefringenoe  fibara.2 
If  tha  birefringence  ia  high,  tha  nonlinearity  will  not  couple  tha  intensities  of  tha  two  orthogonal  modaa, 
but  will  only  affact  their  relative  phase  -shift.  Tha  advent  of  extremely  low-birafringanca  fibara  for  fiber 
optic  device i  and  aaneora  raqulroa  allipaa  rotation  to  be  taken  into  account.  In  this  paper,  we  will  extend 
the  wall-known  results  obtained  for  tha  intensity-dependent  rotation  of  tha  polariaation  allipaa  in  an  i*o_ 
tropic  bulk  medium3  to  tha  caaa  of  a  low-birafringanca  fibar  (sat)  also  Ref  .4)  ,  ws  will  also  dlaouaa  tha  tea. 
aibility  of  an  exporiment  apt  to  maaaura  tha  allipaa  rotation  angle  at  a  fixed  propagation  length  as  a  fun_ 
ction  of  tha  input  powar,  which  could  be  used  au  a  mithod  to  determine  th«  nonlinear  refractive  index  n2> 

2.  KERR  EFFECT  AND  NONLINEAR  PROPAGATION  IN  A  LOW- BIREFRINGENCE  FIBER 


Tha  alactric  field  E(£,m,t)  propagating  in  .»  single  mods  optical  fibar  can  be  axprcaaod  aa 


E(r,*,t)  ■  K^rlexpUiiigt  -  Iflj  («,t)ex  +  uxpdt^t  -  iB^  (tu^) « )*2  <*,t)a 


(1! 


whore  E^lrle^  and  »,(£)«„  rapraaant  tha  two  orthogonal  linearly  polarised  atataa  supported  by  tha  fibar  and 
>,  B  (w^)  their  relative  propagation  constants  evaluated  at  the  central  angular  frequency  of  this 
carrier,  whenever  ohrcmatic  diapareion  and  mode-coupling  can  be  neglect*!,  tha  complex  amplitude*  ♦ (r ,t) 
»<re  given  by  A 


^(e.t)  -  »  (b-Q^-b/V  )  ,1-1,2  ,  (2) 

Vi  *  dflj/dwj^1  the  group  velocity  of  tha  1-th  mode.  Thia  situation  of  free  propag  tion  ia  altered  by 

thr  presence  of  a  ncnllnaar  contribution  to  tha  refractive  index  proportional  to  the  field  intensity  (opti_ 
oal  Karr  affect),  ao  that 

2 

n  ■  nl  *  n2l*l  .  (3) 

who  a  n,  ia  tha  llnexr  refractive  index  of  tha  cote  and  n  la  a  ooal'ficiant  dependent  on  tha  filar  material 
(typically  «  10  m  /V  for  ailio*) ,  over  large  lengths  and  for  tnaaonabla  power  levpl*  («,g.,l  Km  and 
100  mV  respectively)  Fq.(2)  no  longoi  applies,  and  1  and  t  obey  a  eat  of  ooupled  equation*  which  axpr.ase 
their  mutual  influence  through  tha  nonlinear  interaction  provided  by  Eq.(3).  Thii  set  of  equations  takes  on 
different  forms  according  whether  the  fibar  poaaaeae*  a  high  nr  a  low  biratrlnganoa.  In  the  latter  cast,  one 
etui  assume  ^  *  a>  “  ®2  "  E  *n',  th*  oorreaponding  sat  of  aquations  itade^* 
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{8/3*  +  <l/V)»/8t}*  >■  -iMl^l2  +  2|»2|2/3)*j  -  iR**«2/3,  , 


{a/a*  +  (i/v)a/at}4. 


-iRdt^l2  +  2I  +  J  |2/3)«2  -  lR»**2/3,  , 


wh«r«  V  in  th*  common  group  velocity  o!  th*  two  mottos  and 
+•  4 

R  *  (nwij/o) //■  ( r ) ixdy  , 


(4) 


(5) 


with,  j/s  (r)dxdy  *>  1. 

mm 

in  or  dir  to  solvs  ths  wt  of  Sgs.{4),  it  is  oonysnisnt  to  introduce  tho  circularly  polar laid  statas  (clocks 
wits  and  countsr*olockvi»a,  raspautivaly)  E(£)i  and  E(r)f  ,  whara 


*+  •  *  ,  .  *  , 
a  ■  (a  +  it  )/2 
x  y 


a  *  (£  -  is  )/2 

x  y 


and  writa  accordingly  tha  fiald  as 


<6> 


l(r,»,t)  ■  B(r)axp{iu  t  -  i6<w  )»}<t+a*  +  I  a  )  . 

**■  “  “**  o  o 

By  comparing  Bq.(7)  with  Bq.  (1)  (written  for  a  ■  I  ■  B  and  B  “  B_  *  B) ,  It  ii  immediate  to  obtain 

12  12 

♦+  -  <*t  -  i#2)/a*  ,  ♦"  -  (*t  +  i*2)/a*  . 

in  tom*  of  th*  amplitude*  *+  and  ♦  th*  Mt  of  Bqs.  (4)  can  b*  r*wrltt*n  in  th*  aiaplar  torn 
{8/B*  +  (1/V) B/8t}*+  -  -(2/3)iR(|«+|2  +  2|B‘|2)*+  , 

{8/8*  +  <l/V)8/at>*“  -  -<2/3)lR(|*"|2  +  2|*+|V  , 


!7) 


{8) 


(9) 


which  ihow*,  in  particular,  that  th*  two  oircularly  polarised  *t*t«*  can  mutually  influano*  their  ph«**a 
but  not  thair  amplitude*  (th*  nonlinaar  intaraatlon  provided  by  th*  X*rr  effect  do**  not  produo*  power  *k_ 
Chang*  b*tw**n  than) . 

Th*  **t  of  Bq*.  (9)  o*n  b*  *olv*d  in  g*n*ral.5  In  *  ataticnary  aituatj.cn,  it*  aolution  taka*  on  th*  aimpl* 
form 


*+(a)  ■■  ♦+axp{l4+(a) )  ,  ♦(«)■♦  «xp{i4  (■) }  , 

o  o 


(to 


wh*r* 


♦+<l»  -  (-2/3)R(|*+|2  +  2|*T>.  ,  ♦'(■)  -  (—2/3)  H  ( |  ♦"  |  2  +  2|* 
0  0  o 


)  a 


(11) 


rrom  Bqj.  (10)  and  (11),  it  i*  immediate  to  g*n*r*lia*  th*  well-known  r**ult*  concerning  th*  lnt*n*ity~lndu_ 
cad  rotation  of  the  polarisation  alllpe*  in  •  bulk  medium3  to  th*  caca  of  •  low-bir*fring«nc*  fiber i  th* 

•  Hip**  rotate*,  without  changing  it*  ar*a  and  ahap*,  by  an  «ngl«  ♦  (»>  given  by 


*(»)  -  *(4+  -  ♦')  -  (R/3)  { | «'*'| 2  -  | ♦“ | 2 ) * 
■  o  c 

3.  A  PROPOSED  EXPBRIH»ThL  CONFIGURATION 


(12) 


Equation  (12)  can  b*  rawrlttan  by  axpraaaing  f(»)  a»  a  function  nf  tha  ralavant  phyatcal  quantity**  which 
arc  actually  maasurabl*  in  an  axpariMnt.  Mora  prasiaaly,  in  MKSA  unit*  wa  hava 


♦  <d*gr**»/m}  -  2.88  *10  n <  1/X)  (n^)  (t/Aiff)Pf  (a) 


(13) 


where  p  is  th*  total  power  injected  in  the  fiber,  A  ia  tha  affective  area  of  tha  fundamental  mode  which 
la  raaaonably  oloaa  to  tha  fihar-oor*  area6  and  f  (*f  ■  ain  (2tg-1*)  ahowa  th*  dependence  of  i)  on  the  eoc*ntri_ 
city  a  of  th*  input  polariaaticu  (defined  at  th*  ratio  a/b,  where  2a  and  2b  art  th*  length*  of  th*  minor  and 
major  axaa  of  th*  allipaa,  raapaetivaly) .  By  apacifying  Bq.  ( 13)  to  a  typical  slnglemod*  allica-cora  fiber, 

It  turn*  out  that  tha  affect  become*  obaarvtbla,  for  inatnne* ,  at  a  power  level  of  eom*  hundred*  of  mW  for 
a  propagation  length  of  about  100  m. 


An  euparimantal  demonstration  of  the  effect  will  be  carried  out  by  using  a  low-birefringence  fiber  about  20 
m  long.  The  experimental  eatup,  similar  to  tha  on*  already  uwfl  by  Owyoung  at  al . , ^  ia  shown  in  Fig.l.  Th* 
linearly  polarised  light  emerging  from  a  aw  tranavaraa  aingl*  mod*  Nd-YAQ  lanar  la  passed  through  a  variable 
ratardar  Cl  to  obtain  alllptioally  polariaad  light,  and  is  oouplad  to  th*  fiber  by  mean*  of  a  mioroaoop*  ob_ 
jaotiv*.  Th*  optiof.l  power  oouplad  to  tha  fiber  can  b*  varied  by  mean*  of  a  stack  of  neutral -density  filter* 
and  a  variable  attenuator  (A),  and  th*  output  powar  ia  maaaurad  via  a  baamaplitter  IBS)  into  a  calibrated 
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power  mater. 


The  output  polarisation  i»  analyaed  by  using  tha  compensator  '-2  follows (3  by  tho  Wollaston  priam  WP  which 
splits  tha  two  orthogonal  linear  polarisations.  Two  avalancha  photodiodes,  D1  and  r>2,  art  uood  to  datact  the 
Iwama  enlarging  from  WP,  Synchronous  detection  is  employed  in  order  to  inoraaaa  the  signal-to-noise  ratio. 

The  system  is  calibrated  at  low  powsr  level  by  adjusting  C2  and  WP  in  suoh  a  way  that,  in  tha  absence  of 
induced  nonlinearity,  the  si;, mil  in  D1  is  maximised  and  tha  "orthogonal"  ons  in  D2  is  mads  to  vanish.  Any 
rotation  of  the  polarisation  ellipse  will  be  detected  ee  an  inoreaee  of  the  signal  level  in  D2.  particular 
care  muat  be  taken  in  posing  tha  fiber,  in  order  to  avoid  any  coupling  between  the  two  polarisation  etatrs 
due  to  fiber  imperfections,  suoh  as  induced  etrseens  end  geometrical  sffsots  (twists  and  bends). 


Finally,  we  note  that  the  ellipse  rotation,  besides  furnishing  the  possibility  of  a  preoiee  determination 
of  the  nonlinear  refractive  index  coefficient  n  by  employing  e  low-birefringence  fiber,  ie  also  reeponei_ 
ble  for  polarisation  fluctuations  (associated  with  amplitude  fluctuations) ,  which  can  limit  the  sensitivity 
of  polarimstrio  fiber  sensors. 
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Figure  1  i  Setup  of  the  proposed  experimental  configuration.  Cl  i  variable  retarder  -  A  i  stack  of  neutral 

density  filter*  end  variable  attenuator  -  Fl  t  aioroeoop*  objective  -  BS  i  calibrated  beamsplitter 
-  C2  i  compensator  -  F2  i  focueeing  len*  -  WP  i  Wollaston  prism  -  D1,D2  i  Oarmanium  avalanche  pho_ 
todiodae  -  DP  t  desktop  computer 
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PROGRESS  IN  OPTICAL  FIBER  GYROSCOPES  USING  INTEGRATED  OPTICS 
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Laboratolre  Central  do  Recherohes  THOMSON 
Domains  do  Corbeville 
91401  ORSAY 
France 


SUMMARY 

We  describe  a  quarter  of  a  liter  brass-board  of  a  fibergyro  using  a  multifunction 
Integrated  optlo  oirouit  (splitter,  polarizer  and  phase  modulator),  a  superlumlnoscent 
diode  and  250  maters  of  polarization  holding  fiber.  The  photon  noise  limited  random 
walk  performance  Is  0.004  deg/VK.  We  also  prosent  a  simple  model  to  evaluate 
birefringence  Induced  non-reciprocities,  and  an  original  method  of  signal  processing, 
the  "digital  phase  ramp",  to  solve  the  problem  of  soale  faotor  linearity  and  acouraoy. 


I  -  DESCRIPTION  OF  THE  BRASS-BOARD 

Integrated  optics  was  advooatad  very  early  as  the  prlviledged  technology  to  make 
optloal  fiber  gyroscopes  (1),  because  the  various  optical  functions  needed  in  the  system 
could  be  Implemented  on  a  single  mass-duplicated  circuit  which  would  be  connected  to 
a  fiber  ooll,  a  pigtailed  souroe  and  a  detector.  However,  the  first  brass-board  which 
used  this  approaoh  (2),  had  bad  performances  compared  to  classical  optlo  (3)  or  all- 
fiber  gyroa  (4).  Since  this  time  we  have  analysed  the  limitations  of  the  initial  soheme, 
and  defined  draatlc  improvements  which  have  yielded  4  x  10“3  deg/VTT  rundom  walk 
performance.  Our  dedication  to  integrated  optics  was  motivated  at  the  beginning  by 
lte  potential  low  ooat,  but  also  by  speoil'ic  technical  advantages,  with  in  particular, 
the  possibility  to  fabricate  phase  modulators  with  low  driving  voltage  and  large 
bandwidth  (DC  to  hundreds  of  MHz).  This  allowed  us  to  demonatrate  an  original  method 
of  signal  prooeBsing,  the  so-called  "digital  phase  ramp"  (5)  to  get  a  closed-loop 
operation  of  the  gyro  without  any  additionnal  components,  with  respect  to  the  usual 
open-loop  reciprocal  configuration. 

In  this  paper,  we  describe  the  improvements  brought  to  the  device  to  get  a  good 
sensitivity  and  bias  stability  and  we  explain  the  principle  of  our  method  of  signal 
processing. 

We  made  a  brass-board  of  100  mm  diameter  and  35  nun  height  (figure  1-a)  composed 
of  a  superluminesoent  diode  (3LD),  a  ooll  of  polarization  holding  fiber  (250  m  long, 
05  mm  diameter),  a  multifunction  integrated  optio  circuit  ( Y  Junction  for  splitting, 
metallic  polarizer  and  phase  modulator),  a  fiber  coupler  and  a  PIN  deteotor  (figure 
1-b).  All  the  optical  components  (source,  fiber,  10  circuit  and  coupler)  were  fabricated 
in  our  Corporate  Research  Center. 


Figure  1-a 

Actual  configuration  of  a  quarter  of  a  liter  fiber  gyro  brasB-board 
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Figure  1-b 

Operating  Bohematlo  of  the  fibergyro 


The  spatial  filtering  Is  realized  with  the  coupler  lead  which  ensures  a  quasi- 
perfect  singlemode  rejection.  The  sensitivity  is  limited  by  the  photon  noise  of  the 
4  uW  reaching  the  dateotor  (there  is  a  total  loss  of  19  dB  in  the  interferometer  t 
6  dB  for  the  reciprocal  configuration,  5  dB  for  the  10  circuit,  0.5  dB  for  tfye  coupler, 
2  dB  for  the  fiber  coil).  The  short  term  noise  density  is  0.06  (deg/h)2/Hz  which 

corresponds  to  7  x  10”7  rad/VJTz.  The  figure  2  gives  the  output  signal  when  the  axiB 
of  the  coil  is  parallel  (sensitive)  or  orthogonal  (insensitive)  to  earth  rotation  axis 

with  a  time  constant  of  1  second.  The  bias  offset  of  about  1  deg/h  (3  x  10"6  rad)  is 

d  \e  to  the  Miohelson  interferometer  created  by  the  residual  baokref lections  at  the 
LlNbOj-SiOg  interface.  Compared  to  the  4JI  Fresnel  reflection,  this  proves  that  a  100 

degree  edge  angle  provides  a  40  dB  improvement  with  respect  to  perpendloular  edges 
(figure  3)  (6).  This  could  be  further  decreased  with  a  larger  angle, 


a  -  electrical  zero 

b  -  optical  bias  offset  (  1  deg/h  —  3  urad) 

c  -  earth  rotation  rate  (15  deg/h) 
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Elimination  of  baok-reflectlons  with  non-orthogonal  edges 


We  tested  the  long  term  bins  drift  with  a  sampling  and  averaging  program.  The 
figure  4  gives  a  typical  example  of  the  drift  of  the  signal  mean  value  over  1  hour, 
during  9  hours.  The  standard  deviation  is  0.12  deg/h,  when  the  random  walk  performance 
corresponding  to  the  short  term  noise  density  is  0.004  deg/VTT.  By  eliminating  the 
residual  bias  offset  the  standard  deviation  should  reaoh  the  theoretical  value  of  0.004 
deg/h  given  by  the  random  walk.  The  only  souroe  of  bias  is  the  residual  Mlohelaon 
interferometer,  within  the  precision  of  our  measurement.  There  is  no  non-reoiprocity 
induced  by  Kerr  effect,  Faraday  eTfect  or  laok  of  polarization  filtering.  We  arc  now 
going  to  analyse  this  last  problem. 


Figure  4 

Long  term  drift  of  the  gyro  bias 
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II  -  PROBLEM  OP  BIREFRINGENCE  INDUCED  NON-RECIPROCITIES 

1  -  Introduction 

If  a  single-mode  fiber  can  be  considered  as  a  quasi-perfect  spatial  filter,  actual 
polarizers  (bulk,  integrated  optics  or  all-fiber)  have  limited  performances  to  reduce 
the  birefringence  induced  non-reoiprooltlea  to  values  compatible  with  the  bias  stability 
and  repeatability  needed  for  inertjal  navigation  (leas  than  10"2  deg/h  which  corresponds 
typically  to  a  phase  shift  of  10"'  to  10"ff  rad).  Klntner  (7)  showed  that  the  bias  error 
depends  on  the  amplitude  rejection  ratio  of  the  polarizer  with  ordinary  fibers,  which 
means  that  a  polarizer  rejection  better  than  ItO  to  160  dB  should  be  required.  Such 
numbers  are  clearly  not  reasonable  and  it  has  been  thought  that  polarisation-holding 
fibers  should  Improve  the  performances  of  the  system.  But  a  typical  20  dB  polarization 
conservation  brings  only  a  factor  10  improvement  on  the  ratio  of  the  amplitudes  of 
both  cross-polarised  waves,  which  does  not  reduce  considerably  the  requirement  for 
the  polarizer,  However,  this  amplitude  dependence  is  due  to  ooherent  parasitic 
interferences  between  the  reciprocal  primary  wavea  and  oross-polarised  coupled  wavea 
and  one  should  expect  an  important  improvement,  with  the  use  of  a  broadband  source, 
e.g.  super-lumlnesoent  diode  (SLD),  because  of  depolarization  effeota  due  o  different 
propagation  velocities  of  oross-polarised  modes  in  polarisation-holding  fibers  which 
are  also  highly  blrefrlngent.  Fredericks  et  al.  (8)  and  Burns  et  al.  (9)  proposed  two 
analysis  of  the  problem  which  show  that  small  bias  errors  oan  be  obtained  with  reasonable 
demand  on  polarizer  rejection,  alignment  tolerance  and  depolarization  in  the  fiber 
ooil.  However,  they  were  only  concerned  by  the  parameters  which  could  reduoe  the 
dependence  of  the  amplitude  rejection  ratio  of  the  polarizer, 

In  this  paper,  after  eummarlzing  their  results,  we  will  present  a  simple  model 
using  disorete  polarization  coupling  points  randomly  distributed  along  the  fiber.  This 
provides  a  good  understanding  of  the  problem  and  allows  one  to  evaluate  the  required 
alignment  tolerance  and  rejection  ratio  of  the  polarizer  as  a  funotion  of  the  fiber 
and  source  oaraoterletloo  (beatlength,  polarization  conservation,  coherence  length). 

The  amplitude  rejection  dependence  found  in  Klntner' s  result  (7)  has  been  explained 
simply  by  Frederlks  et  al.  (8).  This  is  due  to  coherent  interference  between  the  primary 
waves,  whioh  entered  the  Interferometer  in  this  axis  of  the  polarizer  and  whloh  are 
still  in  the  same  state  of  polarization  at  the  output,  and  the  part  of  the  input  waves 
whloh  were  oroosed-polarlzed  and  attenuated  at  the  input  because  or  misalignment  and 
which  were  coupled  in  the  coil  to  be  in  the  same  polarization  state  as  the  primary 
waves  at  the  output  (figure  5).  These  parasitio  waves  have  followed  non-reciprocal 
paths,  and,  are  coming  back  in  the  axis  of  the  polarizer.  They  are  not  attenuated  at 
the  output  and  oan  interfere  with  the  primary  wavea.  The  bias  error  signal  carried 
by  these  parasitio  waves  is  then  magnified  by  coherent  detection,  considering  the  primary 
waves  as  the  equivalent  of  a  looal  oscillator.  The  error  signal,  whloh  depends  on  the 
amplitude  of  the  paraBltio  waves,  is  related  to  the  input  wave  polarization  misalignment 
and  the  amplitude  extinction  rntio  of  the  polarizer, 

Frederlks  et  al.  (8)  pointed  out  that  the  bias  error  depends  on  the  phase  difference 
between  both  eigen  polarizer  modes  at  the  input.  They  suggested  to  average  out  this 
error  by  applying  a  variable  stress  on  the  input  fiber  lead  after  the  polarizer  in 
the  axle  whioh  correspond  to  its  eigen  modes.  We  noticed  that  it  is  possible  to  do 
so  before  the  polarizer  in  a  fiber  polarizer  is  used,  In  both  cases,  chic  doea  not 
modify  the  polarization  coupling  in  the  fiber  ooil  and  the  bias  error  signal  carried 
by  the  parasitio  waves,  but,  varying  their  phase  difference  with  the  primary  waveB, 
this  modulates  the  actual  signal  in  the  doherent  detection  process.  This  is  a  way  of 
evaluating  this  effect  but  also  to  reduoe  it  by  shifting  its  carrier  frequency  outside 
of  the  detection  bandwidth.  They  also  explained  that  the  birefringence  of  the  input 
lead  between  the  polarizer  and  the  ooil  Bplitter  reduces  the  degree  of  correlation 
between  these  wavee  and  drastlon.'l.ly  limits  the  oontrast  of  the  interferences  involved 
in  the  coherently  detected  bias  error.  They  related  the  upper  limit  of  the  residual 
error  to  the  degree  of  polarization  of  the  waves  returning  to  the  polarizer.  We  will 
present  here  u  simple  model  to  evaluate  more  precisely  thin  .limit  as  a  funotion  of 
the  characteristics  of  the  various  components  of  the  system. 

On  the  other  hand,  Burns  et  al.  did  not  consider  any  depolarizing  effect  due  to 
the  blrefrlngenoe  of  the  Input  lead  (9).  Then,  they  found  that  the  main  source  of  bias 
error  in  the  polarization  coupling  in  the  first  depolarization  lengths  of  the  fiber 
ooil. 

2  -  Model  to  evaluate  the  birefringence  induced  baas  error  of  the  fiber  ooil 
a)  Simple  model  with  two  coupling  points 

Let  uo  first  consider  a  loop  interferometer  with  a  perfect  birefringent  polarization 
holding  fiber  and  one  polarization  coupling  point  M  at  a  distance  1  from  the  splitter 
(figure  6).  If  light  is  inserted  in  mode  1  in  the  interferometer,  four  waves  will  come 
back  at  the  output  : 

-  2  reciprocal  primary  waves  which  are  still  in  mode  1.  They  have  propagated  along 
the  same  optical  path  in  opposite  direction  and  they  are  perfectly  in  phace 

-  2  waves  coupled  in  mode  2,  They  have  propagated  along  different  paths  :  nj  1  +  ri2 
(L-l)  and  ni  (L-l)  +  no  1  where  L  is  tho  length  of  the  ooil  and  nj.  and  tip  the 
equivalent  indloas  of  both  polarization  modes. 
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If  a  broadband  source  Is  used  and  the  path  difference  (ni~n2) . (L-21)  is  longer 
than  the  coherence  length  Lq,  these  two  coupled  waves  are  not  coherent  and  do  not  give 
any  spurious  interferometric  signal.  Non-reciprocal  signalB  can  be  produced  only  by 
coupling  in  the  middle  of  the  coil  over  the  depolarization  length  Ld  “  Lc/(ni~n2). 

Now,  if  we  consider  two  coupling  points  Mj.  and  M2  (figure  7),  six  waves  will  come 
back  at  the  output  i 

-  2  reciprocal  primary  waves  which  are  still  in  mode  1 

-  waves  coupled  in  mode  2  at  Mj,  or  M2  and  which  have  propagated  along  different  pathB. 


Problem  of  coherent  detection  of  birefringenoe  induced  non-reciprocities 


IA 


Figure  7 

Two  polarization  coupling  points  caBe 
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These  coupled  waves  are  not  coherent  together  excepted  If  the  two  coupling  points 
are  symmetric  a?  with  respect  to  ice  loop  wl.hin  the  length  of  depolarization  L[).  In 

this  case,  both  waves  coupled  at  the  beginning  of  the  loop  in  Mi  and  Mj  interfere 
together  as  both  waves  coupled  at  the  end.  For  each  set,  the  waves  propagate  along 
the  same  path  between  both  coupling  points  Mj  and  M2  but  they  propagate  along  cross- 
polarized  paths  between  the  splitter  S  and  these  coupling  points.  They  experience  a 
non-reciprocal  phase  difference  A <p  depending  on  the  difference  between  the  total 
birefringences  of  both  branches  SM.t  and  SM2 .  This  creates  a  parasitic  bias  offset  signal 
tftti'.a?'. sin  A®  where  olx  and  cx.2  are  the  energy  coupling  coefficients  at  Mi  and  M2.  We 
have  to  notice  that  the  waves  which  are  coupled  twice  (at  the  beginning  and  at  the 

end)  are  reciprocal.  Both  propagate  in  mode  1  between  the  splitter  and  the  coupling 

points,  and  in  mode  2  between  both  coupling  points. 

b)  Experimental  evidence 

This  analysis  can  be  verified  experimentally  using  an  integrated  optic  Y  junction 
fabricated  on  a  LiNbOs  substrate  as  a  splitter,  a  linear  polarization  holding  fiber 
coll  and  a  SLD  as  a  source.  Light  is  fed  in  the  Y  Junction  throught  a  bulk-optic 

polarizer  and  a  polarization  holding  fiber  to  ensure  perfect  spatial  filtering  and 

a  good  degree  of  linear  polarization  in  the  Y  junction  (less  than  10“4  energy  ratio 

between  the  TM  and  TE  modes).  The  birefringence  axis  of  the  fiber  coll  ends  are 

misaligned  by  0.1  radian  (2  6  degrees)  with  respect  to  LINbOj  substrate  axis  which 
provides  two  coupling  points  with  oc  ^  *  0^2  "  10“*.  Light  is  sent  back  to  a  detector 
with  a  bulk  beamsplitter  plaoed  between  the  polarizer  and  the  Input  fiber  lead 

(figure  8). 


Figure  8 

Experimental  set-up  to  analyse  the  non-reciprocity  induced 
by  fiber-10  waveguide  birefringence  axlB  misalignment 


Furthermore  the  interferometric  Blgnal  is  biased  about  ^/2  with  the  conver.tionnal 
phase  modulation  technique  (10,  11),  applying  an  AC  voltage  on  the  eleatrodes  fabricated 
on  the  substrate.  We  can  neglect,  for  the  moment,  polarization  coupling  in  the  LiNbOg 
waveguides  and  in  the  fiber.  The  two  ooupling  pointB  should  give  a  non  reciprocal  bias 
of  vocy  (X2sinA<p  ,  where  A9  is  the  difference  of  birefringence  Induced  phase  between 
both  branches  of  the  LiNbOj  Y  Junction.  This  parasitic  bias  could  be  as  high  as  10_- 

rad  whenAcp-  'IT  /Sr  because  «.i  •  OC  g  «  10“2,  The  observed  bias  was  actually  less  than 

ICT^rad,  without  any  analyser  in  front  of  the  detector  which  indicates  that  both  branches 
are  very  similar.  This  can  be  expected  because  these  branches  have  the  same  length 
and  are  only  200  pi  apart  on  the  same  crystal  substrate.  Now  when  a  DC  voltage  is  added 
to  the  AC  modulation,  the  bias  follows  a  sine  response  with  a  maximum  of  about  10“ 
?rad.  This  is  explained  by  the  fact  that  the  phase  shift  experienced  by  the  TE  mode 

is  about  half  the  one  experienced  by  the  TM  mode.  The  DC  voltage  produces  a  scanning 

of  the  difference  of  total  birefringence  between  both  branches  and  the  parasitic  bias 
varieB  between  +  VorjTSTa  and  -  voc  ^.(Jc  ? .  With  an  analyser  plaoed  in  front  of  the 
detector,  one  oan  check  that  this  parasitic  bias  is  cross-polarized  with  the  primary 
reciprocal  waves.  This  confirms  the  previous  analysis  but  this  bIbo  gives  a  sensitive 
way  to  carefully  align  the  fiber  axis  with  respect  to  LINbOg  for  reducing  polarization 
coupling  at  the  Interface. 
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o)  Model  for  an  actual  fiber  with  random  coupling  points 

We  assume  for  the  moment  that  the  splitter  is  perfect  to  evaluate  the  proper 
effect  of  a  fiber  coll  with  randomly  distributed  polarization  coupling  points.  Instead 
of  continuous  coupling,  we  can  consider  that  there  is  a  discrete  coupling  point  M| 
for  each  depolarization  length  Ly  along  the  fiber  (figure  9).  The  coupling  coefficient 
is  equal  to  the  total  power  extinction  ratio  fic  of  the  coil  divided  by  the  number 
N  of  depolarization  lengths  Lp  along  the  length  L  of  the  ooil  i  N  »  L/Ln  and  ot  i  ■  °t/N. 
This  can  be  also  expressed  in  term  of  h  parameter  (12)  ■  h.Lj).  The  system  can  be 

decomposed  in  N  pairs  of  waves  coupled  at  pointB  Mi  and  Mi'  whioh  are  symmetrical  within 
the  coll  in  terms  of  birefringence.  When  a  biasing  modulation  is  used,  each  pair  gives 
a  signal  V~oTi '."oTJ  sin  A<pi  where  ACpi  is  the  phase  shift  due  to  the  difference  of 
birefringence  between  both  branches  SMi  and  SMi'  as  we  saw  earlier.  We  can  assume  that 
the  random  phaseshlfts  A<pi  of  the  N  palre  are  equally  distributed  over  2 it  radian. 
Then  the  rms  value  of  the  residual  polarization  tnduoed  non-reciprocal  phase  shift 
signal  is  equal  to  : 

,  a$p.^ 

A$p  is  not  equal  to  the  total  extinction  ratio  cc  of  the  fiher  ooil.  It  is  reduced 
proportionnaly  to  the  equare  root  of  the  number  of  depolarization  lengths  along  the 


Simple  model  of  discrete  ooupling  points 
for  each  depolarization  length  Lp 


We  can  give  typical  values  !  a  2  mm  beatlength  and  a  50  pm  coherence  length  load 
to  Ld  ■  10  om  |  over  250  meters,  N  *  2,5  x  10 3  and  an  extinction  ratio  of  20  dB/km 
leads  to  «  *  2.5  x  10“3.  in  this  particular  oaso  the  rmB  value  A<Pp  is  equal  to 
3.5  x  10“5  rad  and  not  to  2.5  x  10“’  rad  as  it  could  be  thought  with  oc  ■  2,5  x  10”3. 
We  have  to  notice  that  the  mean  value  is  zero,  and  that  Acpp  producea  a  bias  offaet 
if  the  fiber  in  stable,  but  in  a  real  environment  with  thermal  and  acoustic 
perturbations,  this  produces  noise  which  can  be  spred  over  a  wide  spectrum  and  further 
reduoed  in  the  detection  bandwidth  of  the  system. 

If  there  are  splices  in  the  fiber  coil,  thsy  must  be  non-symmetrioal.  The  coupled 
wave  will  interfere  only  with  the  wave  coupled  in  the  fiber  along  the  depolarization 
length  which  is  symmetrical  to  the  splioe  and  the  induced  r.on-reoiprocity  will  be  limited 
to  £  Vk'i'.&Cs  instead  of  ±  Oi g,  the  polarization  coupling  in  the  slloe.  When  an 

Integrated  option  Y  Junction  is  UBed  this  cannot  be  avoided,  whioh  requires  a  careful 
alignment  to  take  advantage  of  the  low  intrinsic  non-reciprocity  induced  by  the  fiber. 
For  A$>p  ■  3.5  x  10"5  rad,  the  ooupling  coefficient  should  be  lower  than  5  x  10“5  which 
means  an  alignment  accuracy  of  the  birefringent  axiB  of  the  fiber  and  the  waveguide 
of  0.4  degree. 

d)  Effect  of  a  polarizer 

For  simplicity  we  are  going  to  consider  a  perfeot  splitter  and  a  polarizer  with 
its  transmission  axis  aligned  with  birefringence  axis  of  the  fiber  coil.  Most  of  the 
light,  whioh  entered  the  interferometer  through  the  polarizer,  oomes  back  in  phase 
and  in  the  same  polarization  state  after  propagating  along  identical  paths  in  opposite 
direction.  The  part  qoupled  in,  the  crossed  state  carries  a  non-reciprocal  signal 

equivalent  to  a  bias  error  of  A$p  ■  OL/\rH[.  Thia  spurious  signal  is  attenuated  through 
the  polarizer  at  the  output,  and  is  addpd  in  intensity  to  the  primary  signal.  The 
residual  bias  error  becomes  then  C2  ■  £2Ct/V2N  where  E2  is  the  intensity 

extinction  ratio  of  the  polarizer, 

Now  the  polarization  of  the  light  entering  the  polarizer  at  the  input  Is  never 
perfectly  aligned  with  the  transmission  axis.  Part  of  it  is  cross-polarized  and 

attenuated  at  the  input.  Similarly  to  the  previous  case,  a  small  fraction  will  be  coupled 
back  in  the  polarization  state  corresponding  to  the  transmission  axis  of  the  polarizer. 
The  spurious  wave  carries  a  bias  error  signal  equal  to  k2  £2  <X/\fSTT  where  k2  1b  tho 
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ratio  In  intensity  o.f  the  input  power  in  the  crossed-polarlzation  and  the  one  in  the 
transmitted  polarization  entering  the  polarizer.  This^ signal  is  smaller  than  the  main 
bias  error  by  a  factor  k2  (typically  10“2  to  10“*-  but,  as  we  saw  earlier,  problems 
arise  if  it  is  coherent  with  the  primary  waves  which  act  as  a  local  oscillator  for 
coherent  detection  of  this  spurious  effect. 


This  is  the  kind  of  effect  pointed  out.  by  Burns  et  al.  (9)  when  they  found  that 
the  coupling  In  the  first  depolarization  length  at  each  and  of  the  coll  is  critical. 
The  use  of  a  blrefrlngent  lead  between  the  polarizer  and  the  splitter  avoids  to  first 
order  coherent  interference  between  this  bias  error  signal  k2  £.*■  &/V2fT  and  the  main 
part  of  the  primary  wave  whioh  has  travelled  always  in  the  same  si  ow  or  fast  mode  (we 
actually  use  the  slow  TE  mode  in  a  z-cuc  LiNbQj  oiroult  and  the  corresponding  mode 
in  the  fiber).  However,  light  which  is  coupled  an  even  number  of  times  along  the  fiber 
has  a  reciprocal  path,  but  its  transit  time  through  the  loop  is  suoh  that  it  can  serve 
as  a  local  oscillator  to  lnorease  coherently  the  parasitic  signal  due  to  the  term 
k2.  fi2.oc/V?ff. 

To  clarify  this  statement  we  are  going  to  consider  how  an  input  wave  train 

propagates  through  the  nystem  using  the  previous  model  with  N  discrete  coupling  points 
(figure  9)  (the  use  of  autocorrelation  functions  is  more  olegant  mathematically  but 
does  not  help  as  much  to  understand  the  problem).  At  the  input  there  is  a  wave  train 
of  Intensity  Ig  transmitted  by  the  polarizer  whioh  will  propagate  in  the  slow  mode 

and  another  one  Ip  whioh  was  attenuated  and  which  will  propagate  in  the  fast  mode. 
At  the  output  most  of  the  power  is  still  in  the  same  wave  train  13s  whioh  corresponds 
to  light  which  remained  continuously  in  the  slow  mode,  but  there  ie  also  a  serie  of 
wave  trains  Iggn  whioh  correspond  to  light  whioh  experienced  two  couplings  (slow  - 

-->  fast,  fast - >  slow).  The  train  Iggn  Propagates  alon£  nL^  in  the  fast  mode  and 

(N-n)Ln  in  the  slow  mode.  Iggn  comes  baok  at  a  time  n.  TT  earlier  than  Igg  (  "C  is 

the  coherence  time). 


There  is  (N-n)  pairs  of  coupling  points  whioh  can  contribute  to  Iggn,  also  it 
is  equal  to  (N-n).  oC2/U2.Ig  (the  contribution  of  the  different  pairs  are  not  coherent, 
also  they  add  in  intensity).  Light  coupled  Just  onoe  comes  back  in  the  crossed  state 
in  a  serie  of  wave  trains  lgjin  ■  -2s-  Ig  spaoed  also  by  the  delay  t  .  Similarly  the  wave 
train  Ip  produces  t  N 

Ipp  d  Ip  "  £  2  k2  Ig,  Ippn  ■  (N-n)  If  and  Ipgn  ■  Ip 
This  analysis  is  summarized  in  figure  10, 


Set  of  wavetrains  generated  by  polarization 
coupling  in  the  fiber  coil 


i 
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There  are  two  sources  of  birefringence  non-reciprocities  : 

-  an  Intensity  rejection  effect  ^  4^ lnt  as  we  Baw  earlier,  created  by  the  wave  trains 
l<3Fn  and  attenuated  by  the  polarizer  at  the  output,  it  is  equal  to  £  2,  CL  /y/ZN 


-  an  amplitude  rejection  effect  A  <3?  amp>  due  to  coherent  detection  of  the  non- 
reciprocal  wave  train  Ipsn  with  the  local  oscillators  l3SfN-n)>  It  can  be  shown  that 
it  is  limited  by  k.VK.fe. «. /Jfn 

Their  relative  influence  will  depend  on  the  respective  values  of  (k.V“5t!'  )  and  £  . 
The  input  misalignment  k2  has  to  be  smaller  than  £  */  CL  to  avoid  amplitude  rejection 
effeot . 

With  the  numerical  example  uoed  earlier  (  ol  -  2.5  x  10“3  and  N  ■  2,5  x  11)3),  an 
intensity  rejection  of  35  dB  (  A  2  *  3  x  lo*-** >  leads  to  A  <p  int  ■  10-°  rad  whloh 

corresponds  to  0.004  deg/h  with  our  brass-board  and  A  $  amp  <T  A  $  int  lf  < 

£.a/o(t;0.1j which  is  obviously  easy  to  get. 

But,  with  a  low  polarization  holding  quality  (  Ob'  ■  0.1  for  example),  an  intensity 
rejection  of  51.5  dB  (  A’2  ■  7  x  10”“)  is  required  to  limit  A  $  ir,t  to  10“°  rad, 
and  A$  amp  <  A®  int  if  k'2  <  7  x  10“5  which  is  now  very  difficult  to  get 
because  of  tne  limited  polarization  preservation  of  the  first  fiber  coupler  which  is 
equivalent  to  an  input  misalignment. 

In  conclusion,  depolarization  and  averaging  process  in  high  birefringence 
polarization  holding  fiber  used  with  low  temporal  coherence  source  limits  polarization 
non-reciprocltleB  to  very  low  level  even  without  a  high  rejection  of  the  polarizer, 
but  a  bad  quality  of  polarization  preservation  can  degrade  this  result  very  fast.  The 
integrated  optio  polarizer  (metallic  layer  with  a  dielectric  buffer)  (13)  used  in  our 
experiment  has  the  required  rejection  of  35  dB  to  be  used  with  a  20  dB/km  polarization 
preservation  of  the  fiber  coil.  Finally  we  have  to  notice  that  the  same  kind  of  analysis 

with  wavetralns  can  be  used  to  explain  the  effect  polarization  coupling  in  the  splitter 

and  misalignment  between  the  polarizer  and  the  loop  interferometer,  but  when  a 
multifunction  10  olrouit  is  used  these  problems  are  avoided  because  all  the  components 
are  automatically  aligned  with  the  substrate  axis  and  the  polarization  coupling  In 
a  'i  Junotion  is  extremely  Bmall  (less  than  50  dB).  This  is,  with  the  wideband  phase 
modulator,  the  second  important  technical  advantage  of  integrated  optios. 

Ill  -  PRINCIPLE  OF  THE  "DIOITAL  PHASE  RAMP" 

The  most  popular  method  for  biasing  a  fiber  gyro  is  to  apply  a  reciprocal  phase 

modulation  at  one  end  of  the  fiber  ooil  (10,  11).  If  the  so-oalled  proper  frequency 

is  used  (4)  (fp  «  1/2T  where  T  1b  the  group  delay  through  the  coll),  this 

provides  a  very  Btable  biasing  point  which  is  perfectly  centered  about  zero,  even  with 
an  imperfect  modulator.  But  when  the  system  is  rotating,  the  analog  sine  response  is 
not  linear  over  a  wide  range,  and  depends  on  many  parameters  as  the  optical  power  and 
the  detector  gain. 

This  calls  for  a  oloBed-loop  operation  of  the  system.  The  best  method  is  to  apply 
a  frequency  Bhlft  (3)  at  one  end  of  the  loop  to  compensate  the  Sagnao  effeot  which 

oan  be  interpreted  as  a  double  Doppler  effeot  on  the  beam  splitter  (14,  15).  But  thiB 
shirt  must  vary  between  -1  MHz  to  1  MHz  for  a  dynamical  range  of  1000  deg/s.  It  has 
been  proposed  to  get  this  shift  with  two  acousto-optic  Bragg  colls  (3),  which  Increases 
the  complexity  of  the  system  but  above  all  introduces  a  basic  non-reciproolty  due  to 
the  high  operating  frequency  of  the  oells.  Its  cancelation  requires  a  precise 
pos.ltionnlng  which  will  ohange  with  temperature,  and  then  produces  a  bias  drift,  A 

stability  of  1  deg/h  needs  relative  mechanical  stability  of  both  cells  on  the  order 
of  1  jm  for  a  100  MHz  operating  frequency.  On  the  other  hand,  it  io  well-known  In  radar 
signal  processing  that  frequency  shifting  oan  bo  simulated  with  a  phase  ramp.  This 

requires  wideband  phase  modulators  !  the  main  toohnioal  advantage  of  integrated  optics. 
But  this  so-called  serrodyne  modulation  demands  an  infinitely  fast  flyback  and  a  reset 
perfectly  equal  to  2  TT  radian,  to  ensure  pure  single  sideband  shifting.  Our  digital 

approao.h  avoids  these  drawbacks  because  we  take  advantage  of  the  fact  that  the  system 
is  working  over  a  given  length  !  the  length  of  the  fiber  ooil.  Instead  of  a  ramp,  phase 

stepe  are  generated  at  one  end  of  the  ooil  with  a  duration  equal  to  the  transit  time. 

This  creates  a  phase  difference  equal  to  the  step  value  between  both  counterpropagating 
waves  which  have  seen  the  modulation  reepeotively  at  the  beginning  or  at  the  end  of 

the  coll  (figure  11).  A  closed  loop  ie  used  to  compensate  exaotly  the  Sagnao  phase 

shift.  The,  step  fronts  and  resets  of  tho  phase  of  both  waves  are  simultaneous  and  oan 
be  gated  out  from  tho  deteotor  signal  which  eliminates  the  requirement  for  infinitely 
fast  flvbaok,  Now  just  after  the  reset  A<f>n,  the  phase  difference  beeomeB(  A  <p  3 

“  A  <4/  r)  where  A<J>  5  is  the  value  of  the  steps.  This  does  not  produce  any  effeot 
if  Acp  ft  is  equal  to  Jt  ,  the  periodicity  of  the  fringes.  This  oan  be 

conveniently  used  as  an  error  signal  at  the  frequency  of  the  reset  to  control  that 

its  value  is  precisely  equal  to  2  IT  .  With  these  two  servoloops,  the  measurement 

of  the  phase  step  does  not  rely  on  the  phase  voltage  rrsponse  of  the  modulator  but 

on  the  counting  of  the  number  of  step  durations  between  two  resets.  For  a  reset  happening 
after  n  clock  times,  the  measurement  of  the  phase  step  is  2  IT  /n.  The  analog  part  of 
the  processing  is  servo-controlled  to  keep  both  error  signals  equal  to  zero  and  the 
oouuting  provides  a  digital  measurement  yielding  linearity  and  stability  of  the  soale 
factor  over  u  large  dynamloal  range, 
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Figure  11 

Kffeot  of  phase  steps  on  the  fibergyro 


This  method  has  another  Interesting  feature  oompared  to  frequency  shifting  or  analog 
phase  ramp  i  the  measurement  of  the  phase  does  not  depend  direotly  on  the  transit  time 
through  the  fiber  ooll.  The  step  duration  has  to  be  approximatlvely  equal  to  this 
transit  time  to  minimize  the  width  of  the  spikes  generated  by  the  finite  slew  rate 
of  the  steps,  but  small  temperature  dependent  changes  of  the  transit  time  does  not 
modify  the  measurement  of  the  phase  step  equal  to  the  opposite  of  the  Sagnac  phase 
shift.  Then,  the  aoouraoy  of  the  rotation  rate  will  depend  on  stability  of  the 
geometrical  length  of  the  fiber  ooll  (  y  10"6/°C)  and  not  on  the  stability  of  the 
index  of  refraotion  (  a  10~J°C).  It  will  also  depend  on  the  stability  of  the  wavelength 
of  the  souroe  which  must  be  temperature  oontroled.  Furthermore  It  need  not  have  two 
separate  modulators  for  the  biasing  modulation  and  the  phase  steps.  Both  driving  voltages 
can  be  added  synchronously  because  the  step  duration  Is  equal  to  the  half  period  of 
the  proper  frequency  required  for  the  biasing  modulation  whloh  works  with  sine  wave 
but  also  square  wave,  The  figure  12  desorlbes  a  convenient  scheme  to  implement  this 
method  of  signal  processing.  The  signal  of  the  deteotor  is  measured  with  a  look-in 
amplifier.  The  output  voltage  is  connected  through  an  amplifier  to  an  A/D  converter 
whloh  gives  the  digital  value  of  the  phase  step,  A  logic  circuit  driven  by  a  clock 
generates  the  digital  ramp  and  adds  the  biasing  modulation.  This  is  send  to  a  D/A 
converter  whloh  feeds  the  phase  modulator  through  a  buffer  amplifier.  The  reset  is 
automatically  done  by  the  overflow  of  the  D/A  converter.  The  figure  13  shows  the  error 
signal  generated  at  the  frequency  of  the  reset  if  its  value  does  not  corresponds  to 
a  2TT  phase  step.  A  seoond  independent  loop  acting  on  the  gain  of  the  buffer  amplifier 
allows  one  to  servo-control  this  error  signal  to  zero.  This  system  provides  a  digital 
measurement  of  the  rotation  rate  (related  to  the  digital  value  of  the  phase  step  at 
the  output  of  the  A/D)  ur  an  incremental  integrated  output  by  oounting  the  positive 
and  negative  resets  (one  oount  for  about  3  seconds  of  arc  with  a  coil  diameter  of  05 
mm).  The  quality  of  our  present  processing  electronics  limits  the  scale  factor  aoouraoy 
to  1000  ppm,  but  10  to  100  ppm  are  expeoted  with  a  new  design  under  study. 

COHCLUSION 

We  have  described  the  recent  progresses  made  in  the  design  of  fiber  gyroeoopee 
using  integrated  optics,  emphasizing  the  problem  of  polarization  non-reciprocities. 
This  technology  has  now  proven  that  it  is  suitable  for  high  performance  applications. 
The  final  configuration  is  relatively  simple  and  our  signal  processing  using  digital 
phaae  ramp  will  solve  the  problem  of  soale  factor  aoouraoy  without  degrading  the  low 
bias  drift  obtained  beoause  of  reciprocity. 
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Figure  12 

Schematic  of  the  prooeasing  eleotronios  used 
with  the  digital  phase  ramp 


PHASE  RESET 


<  2TT  =  2T1  >  2T1 

(-  5%)  (+  5%) 


FIGURE  IB 

Signals  generated  with  the  digital  phase  ramp  i 

-  middle  traoe  !  modulator  Input  voltage.  The  phaee  steps  and  the  biasing  modulation 
are  synchronous.  The  2 tt  reset  is  automatioaly  obtained  by  the  overflow  of  the  D/A 
converter 

-  upper  traoe  :  detector  output  voltage.  Let  ue  notioe  there  is  an  error  signal  at 
the  reset  frequency  whioh  is  zero  only  for  2  tt  . 

-  lower  traoe  s  output  pulse  generated  for  each  reset  giving  an  incremental  signal. 
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DISCUSSION 


G.WInrer,  Oe 

You  have  used  3  dB-fibre  couplers  and  a  Y-branch  in  ~lNbOv  Coirldering  the  loss  budget,  it  seems  that  this  hybrid 
solution  is  not  advantageous.  What  is  the  reason  for  not  integrating  both  branches  on  the  LiNbO,,  is  it  the  difficulty  to 
adjust  the  splitting  ratio  of  the  3  dB-couplers  or  is  it  for  spatial  filtering? 

Author's  Reply 

The  spatial  filtering  is  done  by  a  10  mm  single-mode  waveguide  and  it  is  too  short  to  get  b  good  rejection.  So,  the 
problem  is  not  that  you  have  to  use  a  larger  Integrated  optics  circuit  but  a  very  long  one,  which  is  not  so  easy. 


B.Schwaderer,  Ge 

Can  you  split  off  the  loss  figure  of  5  dB  of  the  1.0.  to  coupling  loss  and  insertion  loss? 

Author’s  Reply 

5  dB  toted  o*<ra  loss  fibre  to  fibre:  1  dB  for  each  fibre-waveguide  end-fire  coupling,  1.5  dB  for  the  Y-junction,  1.5  dB 
inkinsic  waveguide  loss,  1  dB  is  missing  (uncertainty  between  the  various  parts). 
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SUMMARY  OK  SESSION  II 
DEVICES  AND  TECHNIQUES 
(Transcript  of  closing  remarks)  by 
T.Q,  Qlallorsnsi,  Chairman 

In  the  work  dona  by  tha  AT&T  group  (first  papar)  a  vary  good  oroaa-talk  isolation  of  about  36  dB  In  tha 
device  itself  was  obtained  even  though  they  ware  able  to  see  only  23  dB  whan  they  put  both  tha  transmitter 
and  tha  raoaivar  together.  One  needs  to  do  much  batter  than  23  dB  In  praotioal  systems  of  course  but  the 
numbers  are  really  vary  encouraging  and  show  that  with  a  little  bit  of  engineering  you  oan  indeed  come 
up  with  something  very  Impressive. 

The  group  from  IROE-Kireme  has  shown  an  integrated  optics  geodesic  lens  approaoh  to  the  wavelength 
division  multiplexing  and  they  did  a  vary  good  job  on  fabricating  the  depression  limited  lent.  The  number 
they  didn't  have  in  the  paper  was  the  cross  talk  between  ahanneis,  whloh  makes  it  very  difficult  to  compa¬ 
re  an  Integrated  optica  lens  type  design  with  the  bulk  optics  of  the  AT&T  group |  one  would  however  guess 
that  the  bulk  optica  design  would  be  probably  at  least  10  dB  better  because  of  the  scattering  in  the  pla¬ 
nar  waveguide.  The  third  talk  was  about  a  method  of  phase  noise  reduction  and  it  was  shown  that  by  feeding 
amplitude  and  phase  information  back  to  the  laser  one  oan  reduce  the  laser  phase  noise  of  about  30  dB. 
Since  the  conventional  wisdom  has  that  there  is  very  little  correlation  between  the  front  faoet  and  the 
rear  facet  noise  terms,  this  demonstration  clearly  shews  that  there  are  more  things  going  on  than  expeoted. 

The  MoDonnell  Douglas  paper  on  optical  quadrature  modulator  show  s  very  olever  idea  of  making  a  gra¬ 
ting  in  front  of  your  deteotor  and  besides  it  wee  able  to  demonstrate  how  the  technology  developed  in  the 
sensor  is  dlreotly  applicable  to  coherent  communications. 

The  fifth  talk  was  on  tha  effeots  of  optical  feedback  on  the  performance  of  high  data  rate  systems , 
a  problem  encountered  many  times  by  anybody  who  works  with  diode  lasers!  even  small  percentages  of  feed¬ 
back  con  dramatically  destabilise  your  laser.  The  authors  have  shown  that  lenelng  the  fiber  oan  reduce 
the  reflection  and,  accordingly,  the  effect.  They  went  on  showing  that  when  instabilities  are  present  in 
the  laser,  the  effect  should  increase  error  rate  quite  dramatically. 

The  next  paper  addressed  the  uso  of  ion  milled  alignment  grooves  for  fiber-to-ohlp  coupling.  The  los¬ 
ses  are  now  getting  down  below  the  dB  range  for  oonneotor  losses  and  this  is  very  encouraging  beoause  ona 
of  the  big  barrier  to  the  utilisation  of  LiNbO.  waveguides  has  been  the  coupling  to  fiber.  The  ion  milling 
approaoh  is  technologically  elegant  but  also  difficult  and  it  still  remains  to  be  seen  whether  ion  milling 
or  "V"  groove  on  allioon  are  competitive  with  each  other. 

Three  papers  were  on  the  theory  of  nonlinear  effects  in  waveguides  and  they  show  a  number  of  effeots 
whloh  oan  happen.  In  my  opinion,  this  is  very  Important  for  the  large  number  of  people  Interested  in  opti¬ 
cal  computing  which  still  miss  the  technological  base  to  build  an  optical  oomputer  (even  it  there  ars  one 
or  two  big  programs  getting  off  the  ground  at  the  present  time)|  the  work  done  st  a  number  of  Univeraities, 
like  the  University  of  Rome  and  the  University  of  Arisons,  is  probably  the  foundation  for  building  poten¬ 
tial  optical  computers. 

Tha  next  talk  was  on  the  PIN-EET  pre-amplifier  for  high-speed  optical  communication  systems,  and  re¬ 
presents  work  in  the  main  stream  of  data  transfer  community.  There  was  a  short  discussion  on  high  impedan¬ 
ce  versus  trnnspedanca  amplifiers  for  the  different  frequency  ranges  and  a  very  good  engineering  result 
was  shown  for  170  to  866  megabits  receivers. 

Tha  next  talk,  from  the  CRC  Canadian  group,  was  an  optoelectronic  broadbound  switohlng.  Cross-bar 
switches  have  been  of  Interest  to  the  community  from  the  beginning  and  the  Canadian  group  is  probably  the 
loader  in  developing  this  type  of  switches.  They  pointed  out  that  if  one  is  going  to  do  a  ten  by  ten 

switch  on  a  LiNbO^,  one  would  need  about  a  square  meter  of  it  and  it  is  probably  beyond  the  technology 

to  get  crystals  that  are  that  large.  Howsver,  if  one  has  a  ten  by  ten  cross-bar  switch,  there  are  quite 
a  number  of  applications  in  the  oomputer  area  and  in  signal  processing  that  would  be  opened  up  and  the 
work  the  group  is  doing  is  quite  significant  and  very  important, 

Tits  next  paper  was  about  an  aoouato  optie  spectrum  snslyser  umlng  LiNbO^,  a  problem  whloh  haa  baen 
treated  in  a  numbar  of  groupa  for  a  numoer  of  yeara.  The  work  wee  very  well  engineered  and  th'a  progreae 
•ohiavad  rapreeantn  the  atate  of  the  art  on  tha  aubjeot,  tha  26  dB  dynamic  range  whloh  waa  raportad  being 
right  up  with  the  oompaniee  in  the  USA.  The  problem  it  of  course  that  one  neede  speolslised  componentry 
beyond  that  ona  oan  buyt  for  example,  the  uae  of  a  Ratloon  detector  whloh  you  basically  glua  at  the  end 

of  the  waveguide  la  not  optimal  but  probably  la  tha  baat  choioe  oommsrcially  avaiiabla. 

Finally,  wa  heard  a  review  paper  on  modulators  and  detectors  for  high  bandwidth  applications.  A  great 
dsal  of  interest  axlata  in  studying  tha  possibility  of  moving  flbsr  optic  technology  out  to  the  millimeter 
wave  and  microwave  regional  liowover  in  going  btyond  16  OHa  modulation  becomes  vary  difficult.  But,  given 
the  progreae  both  in  the  laetra,  whloh  oan  ba  modulated  up  to  17  GHa  and  integrated  optica,  one  oan  think 
of  doing  things  up  to  about  18-20  QHi. 

To  summarise  the  eeeeion,  thero  were  some  very  significant  advances.  Ths  pspsrs  ranged  from  very  thro 
reticwl,  whloh  basically  form  the  foundstione  for  all  the  things  we'll  do  in  the  future,  to  fairly  applied. 
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And  whan  you  gat  to  the  applied  topics  you  really  start  seeing  tho  problems,  a  lot  of  which  have  been 
swept  under  the  rig.  In  telecommunication  industry  they  have  very  few  bumps  now  but  in  the  military  ares, 
where  we  are  trying  to  do  some  very  demanding  things  with  fiber  optics,  the  rug  is  still  very  bumpy  and 
there  have  to  be  several  conferences  like  this  one  before  all  our  bumps  are  smoothed  out. 
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Wavelength  Division  Multiplexing  at  1.5  ixm  for  High  Capacity  Optical 
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Murray  Hill,  New  Jersey  07974 

ABSTRACT 


We  describe  a  method  for  multiplexing  severs  1  channels  of  information,  closely  spaced  in 
wavelength,  together  in  one  single-mode  fiber.  We  report  *ho  results  of  a  recent  10-channel 
experiment  at  1.5  am  in  which  10  distri  buted  feedback  lasers,  modulated  at  2  Obits/s,  were 
multiplexed  together  and  transmitted  over  68.3  km  of  fiber  giving  a  system  capacity  of  1.37  terabit- 
km/s.  The  channel  spacing  was  1.35  nm  and  the  multiplexer  insertion  loss  v/as  3  db.  Crosstalk, 
including  Raman  crosstalk,  was  found  to  be  negligible. 

I.  INTRODUCTION 

The  advances  in  lightwave  technology  in  recent  years  has  demonstrated  the  vast  potential  of  light 
as  a  carrier  of  information.  The  development  of  high  speed  lasers  and  detectors  on  the  one  hand 
and  low  loss  fiber  on  the  other  has  led  to  a  series  of  records  being  set  and  quickly  broken  both  in 
terms  of  repeaterless  distances  and  in  bits/second.  Since  the  minimum  loss  region  in  silica  fiber  is  in 
the  1.55  um  region,  most  of  the  record  breaking  advances  have  centered  around  this  wavelength. 
Repeaterless  distances  of  203  km  at  420  Mbit/s  [1],  bit  rates  of  1.2  Gbit/s  over  113.7  km  [2]  and 
4  Gbit/s  over  117  km  ( 3]  have  recently  been  achieved  in  single  mode  systems.  To  overcome 
dispersion  effects  over  such  long  distances,  narrow  linewidth  lasers  have  been  necessary,  such  as  the 
c3  [4]  and  DFB  [5]  lasers.  Despite  the  phenomenal  bit  rate-length  products  that  have  been 
achieved,  only  a  small  fraction  of  the  potential  system  capacity  has  been  realized.  Silica  fibers  have 
very  low  lost  over  a  broad  spectral  width  at  1  .;'5  Mm,  on  the  order  of  50-80  nm.  Consequently, 
many  channels  of  different  wavelengths  could  be  multiplexed  together  on  a  single  fiber  [6].  Methods 
to  achieve  wavelength  division  multiplexing  have  only  recently  begun  to  be  explored,  however,  in 
single  mode  systems.  Multiplexing  of  three  single  mode  channels,  widely  spaced  over  the  1.3- 1.5  Mm 
range  was  reported  in  1984 17],  To  avail  of  the  low  leu  window  near  1.5  Mm  it  is  desirable  that  all 
channels  lie  within  this  window.  Consequently,  it  is  advantageous  to  minimize  the  channel  spacing 
in  order  to  increase  the  channel  numbor.  As  an  example,  for  directly  modulated  lasers  with  a 
linewidth  of  1A,  several  hundred  channels  could  be  accommodated  within  the  low  loss  window. 
Only  recently  has  a  2-channel,  closely  spaced  system  been  demonstrated  [81. 

The  key  to  achieving  such  a  concentrated  system  in  the  wavelength  dimension  is  a  multiplexer 
and  lasers  whose  wavelengths  can  be  tuned  to  the  individual  channels.  The  requirements  on  the 
multiplexer  are  low  insertion  lou  and  low  crosstalk.  As  a  step  in  this  direction  we  have  recently 
demonstrated  an  ultra-high  capacity  system  satisfying  all  of  the  above  criteria  [91.  The  system 
consisted  of  a  22  channel  multiplexer  through  which  10  single  frequency  DFB  lasers  were  efficiently 
multiplexed  to  give  a  system  capacity  of  1.366  Tbit-km/sec,  which  is  about  a  factor  of  Ave  greater 
than  the  current  single  channel  record  [31. 

Details  of  the  system  are  explained  in  the  following  sections.  In  section  II  the  operation  of  the 
multiplexer  and  demultiplexer  is  outlined  while  in  section  HI  details  of  the  lasers  and  receiver  are 
described.  Section  IV  deals  with  the  fiber  characteristics.  The  overall  system  performance  is  given 
in  section  V  in  terms  of  bit  error  rate  measurements,  crosstalk  in  the  multiplexer/demultiplexer, 
fiber  Raman  crosstalk,  and  penalties. 
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II.  MULTIPLEXING/DEMULTIPLEXING 

The  multiplexer  used  in  the  experiment  was  similar  in  design  to  that  described  previously  [10]. 
The  basis  of  the  design  is  a  diffraction  grating  which  can  combine  spatially  separate  but  collimated 
beams  into  one  beam  provided  that  the  wavelengths  satisfy  the  usual  grating  condition 

m\  -*  nd  (sin  flj  +  sin  tfj) 

where  0j  and  $2  are  the  incident  and  diffracted  angles,  respectively,  d  is  the  grating  spacing,  n  is  the 
refractive  index  of  the  medium  and  m  is  the  grating  order  which  we  will  assume  to  have  the  Value  1 
henceforth.  In  the  multiplexing  process  the  diffracted  angle  62  is  the  same  for  all  wavelengths  so 
that  the  two  wavelengths  separated  by  AX  must  have  their  incident  angles  0  separated  by  A0  given 
by 

AX  «  nd  cos  6  Ad 

It  is  evident  that  to  minimize  AX,  A0  should  be  as  small  as  possible.  The  key  to  achieving  this  is  to 
bring  the  incident  beam  sources  as  close  together  spatially  as  possible.  A  concentrator  based  on 
waveguiding  in  LiNbOj  has  been  proposed  [11]  in  which  individual  wavelengths  are  coupled  into  an 
array  of  waveguides  on  a  single  substrate.  The  waveguides  are  fanned  in  towards  each  other  so  that 
the  beams  emerging  at  the  other  ends  of  the  waveguides  are  arbitrarily  close  together.  Since  the 
concentrating  function  is  purely  passive  and  to  avoid  the  sizable  bending  losses  in  LiNbOj  we  have 
adopted  instead  a  much  simpler  type  of  concentrator  based  on  optical  fibers  whose  loss  is  negligibly 
low. 

A  schematic  of  the  22-channel  multiplexer  used  in  the  experiment  is  shown  in  Fig.  1.  The 
concentrator  consisted  of  23  single  mode  fibers  which  were  brought  together  at  one  end  in  a 


Figure  1.  Multiplexer  schematic  diagram 
showing  the  23  fiber  array,  collimating  lens 
and  grating. 


linear  array  [10].  22  of  the  fibers  were  input  channels  and  the  other  fiber  was  the  output  channel 
carrying  the  multiplexed  information.  The  fiber  had  a  step  index  profile  with  n  core  diameter  of 
8.2  Mm.  By  etching  the  fibers  in  dilute  HF  acid  the  core-to-core  spacing  in  the  array  was  reduced, 
in  this  case  to  24  am.  The  outputs  of  the  semiconductor  laser  sources  were  coupled  individually  into 
tho  free  fiber  ends.  The  beams  emerging  from  the  array  were  collimated  by  a  25.6  mm  focal  length 
lens  and  diffracted  off  the  grating  back  through  the  lens,  The  combined  beam  was 
refocussed  onto  the  output  fiber  in  the  array.  The  grating  had  a  600  1/mm  ruling  and  was  blazed 
for  1.5  am. 

The  important  parameters  in  the  operation  of  the  multiplexer  are  Insertion  loss  and  crosstalk. 
The  insertion  lose  is  a  function  of  bending  losses  in  the  fibers,  linearity  of  the  array,  loss  in  the  lens 
and  efficiency  of  the  grating.  Crosstalk  is  a  function  of  spurious  scattering  and  coupling  between 
adjacent  channels.  To  measure  these  parameters  the  following  experiment  was  performed.  The  The 
output  of  a  color  center  laser  tunable  from  1.4  to  1.57  am  and  with  a  linewidth  of  0.01  nm  was 
coupled  into  one  of  the  fibers  and  the  output  of  ail  the  other  fibers  together  was  monitored  as  a 
function  of  laser  wavelength.  As  the  laser  was  tuned  the  diffracted  light  was  coupled  consecutively 
from  one  fiber  to  the  next.  The  results  are  shown  in  Fig.  2  where  the  vertical  scale  shows  the 
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Figure  2.  A  plot,  of  the  multiplexer  input 
fiber-to-output  fiber  coupling  efficiency.  The 
position  of  the  channel  used  to  couple  in  the 
tunable  source  is  indicated  by  the  arrow. 


coupling  efficiency  from  input  to  output  fiber  and  hence  the  overall  insertion  loss  of  the  multiplexer. 
This  plot  yields  directly  not  only  the  loss  but  also  the  channel  spacing  and  channel  width.  The 
break  in  the  middle  of  the  array  is  a  result  only  of  the  particular  way  in  which  the  array  was 
fabricated.  Two  30  urn*  300  /am  capillary  tubes  were  used  to  align  the  etched  fibers  and  the  break 
is  due  to  the  wall  thickness  between  the  two  sections.  This  could  easily  be  eliminated.  While  the 
insertion  loss  fluctuates  from  channel  to  channel  the  average  loss  is  only  about  3  db.  The  grating 
accounts  for  0.5*1  db  of  this  and  the  remaining  is  moat  likely  due  to  microbending  in  the  fibers  in 
the  array.  The  channel  spacing  is  1.35  nm  and  the  channel  width  between  1  db  points  is  0.3  nin. 
From  Eq.  1  the  difference  in  angle  of  adjacent  channels  impinging  on  the  grating  is  a  function  of 
lens  focal  length  /  and  core-to-core  spacing  x  so  that 

AX  -  (xd/f)cot  0 

Inserting  the  values  of  the  parameters  gives  AX  -  1.4  nm  in  close  agreement  with  that  measured. 
The  channel  width  6X  is  determined  by  two  factors:  1)  how  rapidly  the  refocussed  spot  is  displaced 
from  the  core  of  the  output  fiber  as  the  wavelength  it  varied  and  2)  the  sensitivity  of  coupling  into 
the  core  to  the  displacement,  y.  The  latter  dependence  can  be  calculated  using  the  theory  of 
Marcuse  [12],  For  a  fiber  with  a  K- number  of  2.2,  y  it  about  3  am  for  a  1  db  allowed  loss  increase. 
Since 


flX  -  (2y<///)cos  0 


5X  -  0.35  nm,  close  to  the  measured  value.  The  narrow  width  means  that  each  semiconductor  must 
be  precisely  tuned  to  match  the  channels.  The  channel  width  can  be  increased  by  using  a  coarser 
grating  or  by  using  a  shorter  focal  length  lens.  This,  of  course,  also  increases  the  channel  spacing. 
The  figure  of  merit  (mark/space  ratio)  for  the  multiplexer  can  be  taken  as  3X/AX  which  in  this  case 
is  0.22. 

The  crosstalk  in  the  multiplexer  was  measured  by  monitoring  the  output  of  only  one  fiber  as  the 
laser  wavelength  was  scanned.  A  typical  trace  is  shown  in  Fig.  3.  An  increase  in  the  vertical  scale 
by  a  factor  of  100  reveals  that  the  monitored  channel  picks  up  a  small  amount  of  signal  when  the 
laser  is  tuned  to  adjaoent  channels.  This  crosstalk  is  <  -36  db,  however,  and  is  negligible. 

The  demultiplexer  is  similar  in  concept  to  the  multiplexer  and  is  shown  schematically  in  Fig.  4. 
The  Individual  channels  are  separated  by  a  grating  and  focussed  to  an  array  of  spots  by  a  10  cm 
focal  length  lens.  A  detector  was  placed  at  the  focus  of  the  lens  and,  with  a  free  aperture  of  50  nm, 
acted  as  its  own  spatial  filter  to  detect  the  channels  in  turn.  The  spectral  passb&nd  of  this 
arrangement  was  about  .8  nm.  The  crosstalk  between  adjacent  channels  was  less  than  -23  dB  and 
the  demultiplexer  Insertion  loss  was  2.5  dB. 
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Figure  4.  Schematic  of  the  demultiplexer. 

Figure  3.  Plot  of  the  laser  power  coupled  from 
the  input  fiber  to  one  of  the  other  fibers  in  the 
array  as  a  function  of  wavelength.  The  arrows 
indicate  the  wavelengths  at  which  the  laser  is 
coupled  to  fibers  adjacent  to  the  monitored  fiber. 


The  interface  in  the  multiplexer  between  the  array  (glass)  and  air  gave  rise  to  a  4%  reflection 
back  along  the  input  fibers.  Since  any  part  of  this  reflection  coupled  into  the  laser  could  give  rise  to 
mode-partition  noise  [13],  it  was  essential  to  minimize  it.  A  three  layer  anti-reflection  coating 
reduced  the  reflectivity  to  the  .15-.2%  range. 


III.  LASERS 

The  lasers  used  in  this  experiment  were  heteroepitaxially  ridge  overgrown  (HRO)  distributed 
feedback  lasers  [14]  and  were  chosen  from  several  wafers  with  different  design  wavelengths.  The 
wavelength  distribution  of  the  lasers  was  between  1.529  and  1.561  Mm-  The  lasers  had  threshold 
currents  in  the  50-100  mA  range  as  shown  in  Fig.  5  where  the  output  versus  current  characteristics 
are  drawn  for  a  random  selection.  The  quantum  efficiency  was  typically  12%  per  facet.  Distributed 
feedback  was  achieved  by  a  second  order  diffraction  grating  with  both  facets  cleaved.  The  mode 
rejection  ratio  at  2  Qbits/s  modulation  was  between  26  dB  and  40  dB.  The  pure  single¬ 
longitudinal-mode  operation,  even  at  such  high  speed  modulation,  was  essential  for  achieving  the 
narrow  channel  spacing,  low  crosstalk  and  error  free  operation  in  the  experiment.  The  sensitivity  of 


too 


100 


Figure  5.  Light  versus  current  curves  for  a  random  selection  of 
the  DFB  lasers. 
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the  lasers  to  reflections  from  outside  was  extremely  small.  Nevertheless,  care  was  taken  to  reduce 
any  such  reflections,  especially  in  the  multiplexer,  as  discussed  in  the  previous  section. 

The  receiver  used  in  the  experiment  had  a  high-impedance  GaAs  FET  front  end  and  a  high- 
performance  SAGM  avalanche  photodetector  [IS].  The  receiver  sensitivity  for  10~9  BER  at 
2  Gbit/s  was  -32  dBm. 

IV.  FIBER 

68.3  km  of  almost  pure  silica-core  single  mode  flber  was  used  for  transmission.  The  silica  core 
fiber  is  a  new  lightguide  design  [16]  which  minimizes  intrinsic  Rayleigh  scattering  losses  by 
reducing  the  amount  of  dopants  in  the  core.  It  was  made  by  the  Modified  Chemical  Vapor 
Deposition  (MCVD)  process  by  totally  depressing  a  fluorosilicate  cladding  between  the  silica  core 
and  the  silica  substrate  tube.  The  deposited  cladding  to  core  diameter  ratio  (D/d)  was  >9.3  in 
order  to  minimize  radiative  leaky-mode  losses  that  can  occur  in  depressed  cladding  lightguides. 
Extrinsic  losses  due  to  micro-deformations,  such  as  microbending,  depend  on  the  power  confinement 
of  the  guide  mode.  Such  losses  can  be  greatly  reduced  by  keeping  the  mode-field-radius  Small.  This 
was  accomplished  by  increasing  the  core-cladding  index  difference  and  decreasing  the  core  diameter. 
The  resultant  cut-off  wavelength,  \c  —  1.42  urn,  was  close  to  the  operating  wavelengths  in  order  to 
provide  good  mode  confinement  by  keoping  the  inode-field-radius  small. 

The  fibers  were  fabricated  to  minimize  loss  without  any  constraint  on  dispersion.  Zero 
chromatic  dispersion  occurred  near  \  -  1,29  nm  but  it  had  a  relatively  high  value,  17.5  ps/km-nm, 
near  the  minimum  loss  wavelength.  Resultant  losses  were  as  low  as  0.16  kB/km  and  median  values, 
over  long  lengths,  were  about  0.19  dB/km  within  the  1.57  nm  <  \  <  1.58  nm  region.  The  average 
loss  of  the  fiber  at  the  ten  laser  wavelengths  used  in  the  experiment  (range  1.529-1.561  /urn)  was 
15  db. 

V.  RESULTS 

A  schematic  of  the  full  system  setup  is  shown  in  Fig.  6.  The  lasers  were  selected  so  that  their 
wavelengths  roughly  corresponded  to  the  individual  channels.  The  It  is  to  be  noted  that  choice  of 
the  first  laser  determined  the  wavelengths  of  all  the  other  channels.  Each  laser  was  precisely 
temperature  tuned  to  exactly  match  the  channel.  Ten  lasers  were  used  in  the  experiment  and  Fig.  7 
shows  how  they  were  matched  up  with  the  multiplexer  channels.  The  channel  selected  for  output  is 
also  indicated.  Coupling  of  the  lasers  to  the  fibers  was  accomplished  by  microlensing  the  fiber 
ends  [17].  About  30%  of  each  laser  was  coupled  into  the  fiber. 

The  hit  error  rates  (BER)  were  measured  for  each  channel  sequentially.  Modulation  was 
provided  by  an  Anritau  test  set  and  consisted  of  a  215  -  1  NRZ  pseudorandom  word  at  a  data  rate 
of  2  Gbit/s.  The  modulated  channel  was  chosen  for  detection  at  the  receiver  by  a  rotation  of  the 
demultiplexing  grating.  During  the  BER  measurement  one  of  the  other  channels  was  modulated 
sinusoidally  at  1  GHz  and  the  rest  were  operated  cw  with  full  power  coupled  into  the  fiber.  A 
received  power  between  -29.0  dBm  and  -24.6  dBm,  depending  on  the  channel,  was  necessary  to 
obtain  a  BER  of  lxiO-9.  The  difference  between  the  channels  was  a  result  of  different  extinction 
ratios  and  dynamic  linewidths.  Fig.  8  shows  the  BER  curves  and  eye  diagrams  for  the  channels 
requiring  the  least  (ch.  5)  and  most  (ch  9)  received  power.  In  all  cases  the  BER  was  independent 
of  the  presence  of  the  other  channels,  showing  that  the  overall  crosstalk  was  minimal.  From  a 
baseline  run  with  only  10m  of  fiber,  we  determined  the  power  penalty  arising  from  a  combination  of 
dynamic  linewidth  (chirping)  of  the  lasers  and  the  fiber  dispersion.  The  greater  the  chirping  the 
more  dispersed  is  the  received  pulse  and  the  greater  the  power  penalty.  The  dispersion  penalty  was 
between  0.9  dB  and  3.5  dB  for  the  10  channels.  Extinction  ratio  and  other  penalties  ranged  from 
2.1  to  5.2  dB,  Table  1  oontains  a  summary  of  the  power  budget  for  the  system.  The  average  loss 
including  fiber  was  25  dB  and  the  average  penalty  was  5.5  dB. 
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Figure  7.  Chart  of  the  available  multiplexer 
channel  wavelengths  (solid  bars)  showing  the 
output  position  (solid  arrow).  The 
wavelengths  of  the  10  lasers  used  are  shown 
by  the  open  arrows. 

Figure  6.  Schematic  diagram  of  the 
transmission  system.  L1-L10  are  the  laser 
diodes,  A  is  the  fiber  array,  MUX  and 
DEMUX  indicate  multiplexing  and 
demultiplexing  stages,  respectively,  and  rec  is 
the  receiver. 


Figure  8.  BER  curves  and  eye  diagrams  after 
68,3  km  of  fiber  for  the  channels  requiring  the 
least  (ch.5)  and  most  (ch,9)  received  power 
for  a  lxlO-9  BER. 


A  measurement  of  the  overall  system  crosstalk  was  made  as  follows.  A  channel  having  two 
nearest  neighbor  active  channels  was  chosen  for  detection  by  the  demultiplexer.  This  channel  was 
laser  channel  3  in  Fig.  7.  One  of  the  nearest  neighbor  channels  was  modulated  with  the  2  Qbit/s 
data  stream  while  the  other  was  modulated  with  the  1  OHz  sinusoidal  signal.  The  other  seven 
channels  were  operated  cw  and  coupled  into  the  fiber.  The  laser  corresponding  to  the  selected 
channel  was  switched  off  and  the  net  photocurrent  was  measured.  The  ratio  of  this  photocurrent  to 
that  measured  when  the  selected  laser  was  switched  on  was  <  -23  dB.  That  this  amount  of 
crosstalk  is  negligible  was  confirmed  by  the  BER  measurements.  Since  the  multiplexer  crosstalk 
was  less  than  -36  dB,  the  overall  crosstalk  was  mainly  due  to  imperfect  spacial  filtering  at  the 
receiver. 

A  further  source  of  possible  crosstalk  in  a  wavelength  division  multiplexed  system  arises  from  the 
stimulated  Raman  effect  [18]  which  can  couple  power  from  one  channel  to  another  and  so  degrade 
the  system  performance.  The  magnitude  of  Raman  crosstalk  is  a  function  of  power/channel, 
number  of  channels,  channel  separation  and  fiber  material.  In  a  separate  experiment  [19]  we  have 
measured  the  worst  case  penalty  on  a  single  channel  by  the  presence  of  a  second  channel  whose 
power  and  wavelength  could  be  varied  over  a  large  range.  From  these  measurements  we  deduce 
that  the  worst  case  penalty  in  a  10-channel  multiplexed  system  with  coupled  power/channel  of 
1  mW,  is  .08  dB.  Since  the  powers  coupled  into  the  output  fiber  were  in  all  cases  less  than  1  mW, 
Raman  crosstalk  is  negligible.  This  is  borne  out  by  the  BER  measurements  where  no  evidence  of 
Raman  crosstalk  could  be  observed.  The  Raman  effect  is  a  fundamental  limit,  however,  to  the 
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channel  power  and  density  that  can  be  used  in  wavelength  division  multiplexing. 

In  conclusion,  we  have  demonstrated  the  first  terabit  kilometer/second  capacity  lightwave 
system.  The  ultrahigh  capacity  of  1.366  Tbit-km/s  was  made  possible  by  multichannel  WDM  with 
a  very  high  bit  rate  modulation  and  ultralow  loss  fiber.  The  system  satisfies  the  criteria  for  BER 
performance  and  the  various  sources  of  crosstalk  are  negligible.  Since  the  multiplexer  is  a 
22-channel  unit  all  channels  could  easily  be  operated  with  appropriate  lasers  giving  a  much  higher 
capacity.  In  this  experiment  we  have  not  attempted  to  integrate  all  of  the  elements  in  the 
multiplexer  but  since  the  elements  are  all  based  on  the  same  material,  an  all-glass  integrated 
multiplexer  is  possible.  This  would  eliminate  all  interfaces  and  consequently  spurious  reflections 
which  can  be  detrimental  to  the  lasers’  performance. 

We  wish  to  thank  L.  F.  Johnson  for  lithography  in  the  preparation  of  the  lasers,  K.  L.  Walker 
and  L.  O.  Cohen  for  the  fiber  and  B.  L.  Kasper  and  J.  C.  Campbell  for  the  receiver.  We  also  thank 
R.  T.  Ku  for  the  fiber  microlenses  and  Evaporated  Coatings  for  the  antireflection  coating  of  the 
array  and  K.  A.  Jackson,  D.  V.  Lang,  P.  A.  Flcury,  V.  Narayanamurti  and  C.  K.  N.  Patel  for 
continued  encouragement. 
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DISCUSSION 


B.G.WInztr,  Oe 

Did  you  use  a  DFB  laser  with  an  internal  phase  shift  and  how  did  you  produce  this  laser?  What  is  the  observed  variation 
in  wavelength  for  this  DFB-laser  on  the  same  chip? 

Author's  Reply 

No;  with  a  regular  grating  side-mode  suppression  was  consistently  better  than  400:1 .  The  variation  is  typically  about 
200  angstroms  even  though  the  same  grating  is  written  on  the  whole  wafer. 


J.Dakln,  UK 

Were  the  crosstalk  figures  you  mentioned  (—23  dB  overall  and  —  36  dB  for  a  single  channel)  optical  figures  or  electrical 
figures?  How  are  these  figures  consistent  with  the  >  400: 1  mode  rejection  ratio  for  each  laser?  Did  not  the  combined 
background  from  the  unwanted  laser  modes  and  “in  addition"  the  combined  superluminescent  background  lead  to 
crosstalk  problems? 

Author's  Reply 

7he  crosstalk  was  all  optical.  The  -23  dB  overall  crosstalk  was  due  mostly  to  the  demultiplexer  where  the  spectral 
resolution  was  about  10  angstroms  and  the  tails  from  neighbouring  channels  overlapped  the  detected  channels  by  a 
small  amount.  The  suppressed  side  modes  of  the  laser  were  not  matched  to  adjacent  channels  and  the  pick-up  from 
these  whs  negligible.  The  superluminescent  background  was  also  negligible. 


Unknown  Questioner 

(a)  How  large  were  detectors  and  what  was  their  spacing?  (b)  Was  any  care  necessary  to  limit  back-coupling  of  laser 
power  from  the  multiplexer? 

Author's  Reply 

(a)  Use  only  one  detector;  looked  at  one  channel  at  a  time.  Crosstalk  measured  by  turning  off  input  to  channel  in 
question,  leaving  other  channels  on.  (b)  An  AR  coating  with  a  reflectance  less  than  0.2  per  cent  was  adequate. 


S.Walkcr,  UK 

What  factors  limit  the  maximum  achievable  BER  in  this  W.D.M.  system? 

Dr  J.Hegarty 

This  is  a  laboratory  experiment.  The  laser  wavelength  drifts  and  the  mux-Demux  is  temperature  sensitive. 
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A  SPHERICAL  WAVEGUIDE  MULTIPLEXER  -  DEMULTIPLEXER 


V. Russo,  S.Sottlnl;  G.C.RIghlnl,  S.Trlgarl 
tstltuto  dl  Rlcerca  sulla  Onda  Elettromagnatlche  (IROE) 
dal  Conslgl 1o  Nazlonala  dalle  Rlcercho 
Via  Panel atl chi,  64 
60127  FI renze- ITALY 


SUMMARY 

A  wavelongth  multiplexer-demultiplexer  (MUX  *  DEMUX)  which  can  work  also  as  a  tapping  element  has 
baan  suggastad  and  tastad.  This  davlca  Is  basad  on  tha  Imaging  properties  of  a  hemispheric  gaodaslc 
Ians.  Tha  abarratlons  of  this  Ians  hava  baan  evaluated  and  soma  axamplas  of  tha  potential  parformantu 
of  tha  davlca  ara  gl van :  In  particular  tha  MUX  -  DEMUX  saams  to  ba  quite  Interesting  In  tha  ease  of 
monomode  fibers,  showing  a  diffraction  limited  performance.  Experimental  tests  ara  In  progress,  utilizing 
a  spherical  waveguide  fabricated  by  Ion  exchange  on  a  glass  substrata,  and  gratings  with  640  or  1200 
grooves/im.  Tha  results  already  available  ara  quite  encouraging  and  confirm  tha  axpactsd  advantages  of 
this  approach  with  raspact  to  previous  devices. 

INTRODUCTION 

Wavalangth  division  can  dramatically  Increase  tha  transmission  capacity  of  optical  fibers.  Multi' 
plaxlng  -  demultiplexing  devices  (MUX  -  Dl.MUX)  ara  therefore  of  great  interest.  In  general  they  consist 
of  a  dispersing  element  and  of  a  focusing  one.  Important  characteristics  ara  efficiency,  reliability  , 
cost,  size  and  an  easy  coupling  .to  Input  and  output  fibers. 

In  tha  case  of  multimode  fibers  a  simple  MUX  can  be  fabricated,  for  example,  by  a  plane  grating  and 
GRIN- rod  optics,  while  for  monomode  fibers  more  complex  devices  have  been  proposed.  In  particular, Tomlin¬ 
son  (I)  suggested  a  waveguide  geodesic  Ians  as  focusing  element  coupled  to  an  external  diffraction  grating, 
The  operation  of  this  MUX  -  DEMUX  Is  described  referring  to  Fig.  I,  where,  for  sake  of  simplicity,  only 
two  wavelength  channels, A  and  x*,  are  considered.  Light  from  the  Input  fiber,  Including  the  two  signals 
at  x.and  x,,  Is  coupled  w  the  tnln  film  waveguide  and  Is  collimated  by  the  geodesic  lens.  At  the  guide 
edge!  this  beam  Is  diffracted  back  from  the  grating.  Etch  signal  It  reflected  at  an  angle  which  depends 
on  Its  wavelength  and  Is  focused  by  tha  geodesic  lens  Into  the  appropriate  output  fiber. 

Recently  this  MUX  •  DEMUX  has  been  realized  by  using  «  geodetic  lent  printed  In  glass  and  an  lon- 
echanged  waveguide  (2),  This  technique  satisfies  tha  requirements  of  a  low  cost  and  simple  technology. 
Unfortunately  the  relatively  high  fabrication  errors  which  can  give  raise  to  focal  length  shift  and  aphe- 
rlcal  aberrations  limit  the  use  of  this  technique  to  multimode  fibers. 

For  this  reason  we  have  considered  a  MUX  >  DEMUX  device  based  on  tha  tame  working  principle  of  tha 
previous  one,  but  characterized  by  a  spherical  geodetic  lent  as  focusing  element,  that  Is  a  waveguide 
laying  on  a  quarter  of  sphere.  It  can  act  either  at  a  MUX  or  a  DEMUX  device;  moreover  It  can  operate  simul¬ 
taneously  at  a  demultiplexer  and  a  tapping  element,  the  tap  ratio  depending  on  the  diffraction  efficiency 
of  the  grating. 


THE  SPHERICAL  GEODESIC  MUX  -  DEMUX 

To  Investigate  the  features  of  the  MUX  -  DEMUX  with  spherical  waveguide,  let  us  rofer  to  the  sketch 
In  Fig.  2,  which  It  limited  to  the  case  with  only  two  wavelengths, x.  and  x,i  however.nour  considerations 
are  valid  for  any  number  of  channel t,  1  d 

The  beam  from  the  Input  fiber  Is  coupled  to  the  spherical  guide  and  then  Is  partially  reflected  by 
the  grating  positioned  at  the  other  guide  edge,  to  that  the  output  fiber  on  the  right  can  act  as  a  tap  of 
the  Input  signal.  At  the  tame  time,  the  grating  diffracts  the  remaining  part  of  the  light  Into  monochromatic 
beams  which  are  focused  back  by  the  spherical  lens  Into  separate  fibers,  to  performing  the  multiplexing 
operation.  The  Input  and  output  fibers  have  to  be  coupled  to  the  same  edge  of  the  spherical  lens  guide  by 
butt  Joints  secured  by  transparent'glue.Of  course  the  operation  can  be  reverted,  the  device  acting  as  a  Mux. 

In  general,  the  Dth-order  beam,  reflected  by  the  grating,  is  aberration  free,  as  It  can  be  eaplly 
proved  by  considering  a  hemispherical  guide  divided  Into  two  halves  by  a  transmission  grating  and  by 
recalling  Its  Imaging  properties  (3).  Let  us  consider  now  the  aberrations  of  the  diffracted  beams  (4,  6). 
Referring  to  FIG.  3,  let  S  be  a  point  source  at  the  edge  of  the  spherical  guide  to  t.h»t  the  rays  from  S  , 
propagating  along  the  merlalans,  Inclde  normally  on  the  MM1  line,  where  the  reflecting  grating  Is  placid0. 
The  diffracted  beam  Is  then  focused  back  In  Since  the  following  calculations  are  still  valid  If  the 
position  of  S.  and  S.  are  reversed, this  assumption  Is  satisfied  In  most  cases,  at  least  approximately.  Let 
n  be  the  diffraction  angle  for  the  order  considered  and  a  the  beam  aperture.  Since  all  the  rays  from  S 
form  the  same  angle  with  the  grating  (all  of  them  are  perpendicular  to  it)  the  rays  In  the  diffracted  beam 
are  still  parallel  to  each  other!  they  behave  like  a  parallel  beam  coming  from  the  outalde  the  quarter-of 
•sphere  lens  and  Incldlng  on  the  MM1  line  at  an  angle  n  .  The  phase  delay  of  the  1-th  ray  S.A  with  respect 
to  the  principal  ray  SjO  Is  therefore  expressed  by  the  optical  path  difference 


n, 


nj  OA  sin  n 


where  njls  the  refractive  Index  of  the  waveguide,  BA  Is  the  virtual  lengt 
and  tha  aperture  angle  N1l;assumed  to  be  small  In  order  to  be  able  to  use 


(1) 

travelled  In  a  planar  waveguide 
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of  the  arc  of  circle  5X. 

The  diffracts  beam  Is  not  focused  perfectly  In  S..  In  fact,  to  have  a  point  Image  S.,  It  Is  requir¬ 
ed  thatthe  rays  have  equal  phases  at  the  line  NN 1 :  this  condition  Implies  a  phase  delay  at,  the  line  MM' 

given  by  the  optical  path  BA  travelled  along  a  meridian  of  the  sphere,  We  can  define  the  wave  aberration 
W  of  this  optical  slstem,  Including  also  the  grating,  as  the  phase  difference  between  the  wavefront  ex¬ 
isting  at  MM1  after  the  diffraction  ,  and  the  wavefront  that  should  be  there  to  have  a  point  Image  In  s j . 

W  ■  nj{(55t  sin  n  -  BA)  (2) 

By  applying  the  sine-formula  for  the  spheric  triangle  0A8  we  can  write: 

sin  Sk  »  sin  a//l-  cos2  a  s1n2,n  „  (3) 

sin  fo  ■  sin  o  Sin  n//I  -  cos*  a  sin*  n  (4) 

and  therefore 

W  ■  n.sln’^sle  */</!  -  cos2a  s1n2n)  -  » 

.  sins  -  sin'  (sin  a  sin  n//I  -  cos  o  s1n*n)  (5) 

Expanding  In  series  the  trigonometrical  functions  In  Eq,  (S)  and  neglecting  the  terms  of  order  higher  than 
the  Sth,  U  can  be  approximately  espressed  as: 

W  -  n,  \  n  “3  (6) 

This  simple  formula  clearly  shows  that  the  wave  aberration  corresponds  to  the  coma  In  bulk  optics.  On  the 
other  hand,  It  must  be  pointed  out  that  this  geodesic  system  Is  perfect  for  on-axis  sources,  that  Is  In  ab¬ 
sence  of  perturbatlng  elements;  any  wavefront  distortion  at  the  MM'  line  Is  completely  compensated  In  the 
second  half  of  the  hemisphere,  due  to  symmetry  reasons, 

The  expressions  of  W  given  by  Eq.(B)  and  (6)  are  valid  for  the  unity  sphere;  more  In  general,  Eq.  (6) 
becomes : 

W  -  hj  R  no3/6  (6a) 

In  the  case  of  a  MUX  -  IEMUX  for  optical  communications,  one  has  to  do  with  relatively  large  field 
angles  n  (typically  0.5  -  0.  >ad)  and  with  apertures  a  about  O.lSrad.  Hence  expression  Eq.  (6)  can  give 
W  values  far  from  the  exact  ones  and  the  use  of  formula  (5)  becomes  compulsory.  However  a  numerical  ana¬ 
lysis  has  shown  that  for  0  values  up  to  25°  and  a  ranging  between  0°  and  50°  the  relative  error  Is  small¬ 
er  than  K. 

In  order  to  get  an  Idea  of  the  Influence  of  the  aberrations  on  the  performance  of  the  MUX  -  DEMUX,  let 
us  consider,  for  example,  a  grating  with  640  groovet/mm,  a  lens  with  radius  R  •  lOmm,  and  monomode  fibers^ 
jvlth  NA  ■  0.1,  corresponding  to  an  aperture  In  the  guide  a  ■  0,067rad  (refractive  Index  of  the  guide  n.  *■ 
■1.5).  At  X  *  0.633pm,  0  turns  out  to  be  ■  0.35  and  W  ■  0.26pm  ■  X  /  2.41;  moving  to  the  Infrared  ,  at 
x  ■  0.87pe  we  get  n  «  0.47rad  and  W  ■  0.26pm  ■  X  /  2.46,  while  at  X  ■  1.3pm,  n  •  0.7rad  and  W  ■  0.52pm  • 

•  x  /2.47.  In  other  words,  It  turns  out  that  the  wave  aberration  hat  a  value  close  to  that  required  by 
the  Raylegh's  quarter  wavelength  rule  and  imaller  than  the  tolerance  condition  which  Is  0.6x  In  the  case  of 
come  (6).  Therefore,  In  the  case  of  monomode  flberi  e  performance  very  near  to  the  diffraction  limit  has  to 
be  expected.  If,  on  the  other  hand,  we  use  graded  Index  fibers  with  cora  dlamstsr  SOum  and  NA  •  0.2,  the 
beam  aperture  In  the  guide  turns  out  to  bt  a  •  O.lSrad.  As  t  conttquenct  with  ths  tame  conditions  of  the 
previous  example,  W  •  1.92pm  it  x  ■  0. 633pm,  W  *  2.66pm  It  X  ■  O.B7pm  and  W  *  3.84pm  at  X  »  1.3pm.  The 
wave  aberration  being  larger  then  the  wevelength  ,  It  is  worthwhile  considering  alio  ths  emount  of  transver¬ 
sal  coma  (7): 

ct  *  Sr  *  0,5  niRnaZ  '  <7> 


In  our  example  the  coma  values  turn  out  to  be  ;  CT  ■  44pm;  C.  •  59pm  ,  and  C,,>  89pm  respectively.  If  compar¬ 
ed  with  the  core  diameter  of  the  fiber,  the  results  it  X  ■  0.633  tnd  0.87pm  are  reasonably  good.  As  to  ths 
employment  of  this  device  it  x  »  I. 3pm,  In  most  cases  It  Is  convenient  to  reduce  the  amount  of  coma  by 
using  a  wider  grating  pitch. Current,  requirements  of  wavelength  channels  spacing  (In  the  order  of  40-60  run) 
(8)  era  fully  satisfied  by  a  grating  period  as  low  as  300  grooves/mm:  the  resulting  coma  becomes  lower  than 
the  fiber  diameter,  A  further  example  Is  shown  In  Fig,  4,  where  the  CT  Is  plotted  versus  n  ,  for  a  «  4°,  6°, 
8°  and  10°,  having  assumed  R  ■  IOnrn,  n  ■  1.58  and  X  ■  870nm. 

As  to  the  channel  spacing,  It  depends  on  the  linear  dispersion  of  the  grating,  which  Is  given  by: 

^  if  "  Rm/  A  co.o  (8) 

where  m  Is  the  diffraction  order,  A  Is  the  grating  pitch,  and  B  Is  the  angle  of  diffraction,  A  blazed  grat- 


Transversal  Coma  C-[  (jim) 
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Fig.  4  Transversal  com*  C.  plottnd  versus  the  diffraction  angle  n  for  different  values 
of  the  aperture  a.1 


Fig.  5  Experimental  vet  up  utilizing  i  spherical  waveguide  made  of  epoxy  resin  deposit¬ 
ed  on  a  glass  quarter  of  sphere.  The  quarter  of  sphere  Is  laid  and  glued  to  a 
reflection  grating  partially  visible  dn  the  bottom  of  the  picture. The  Input  light 
from  a  microscope  objective  Included  two  wavelengths.  XL  ■  0.63^um  and  x2a0>48G^m. 
The  bright  lines  at  the  lens  edge  are  due  to  the  light  outputs  from  the  film 
guide  which  Is  tapered. 


Ing  Is  often  convenient  to  Increase  the  efficiency.  In  our  case  the  Lltt.row  mounting  of  such  a  grating 
can  be  easily  achieved  moving  the  Input  fiber  along  the  circular  edge  of  the  guide.  It  avoids  the  cutt¬ 
ing  of  the  lens  substrate,  at  the  proper  slant  angle,  as  required  In  the  planar  case. 

Eq. (6)  can  be  still  used  as  a  first  approximation  with  n  «  2*  where  *  -  s1tf*x/A  Is  the  blaze 
angle.  From  Eq,(8),  substituting  8  with  a  ,  we  have  a  linear  dispersion: 

Rd*  /dx  •  R//A2  -  ( X/2 2 ) 2  (9) 

With  the  same  grating  and  geodesic  lens  as  In  the  example  descrlved  above,  the  values  of  the  linear  dis¬ 
persion  turn  out  to  be:  5.48pm/nm,  6,55ym/nm  and  5.77pm/nm  at  A  *  0.633pm,  0.67pm  and  1.3pm  respectively. 
As  a  further  example.  If  a  fiber  core  spacing  of  100pm  Is  requested,  tha  minimum  channel  separation  ax 
Is  180  It  at  X  ■  0.87pm. 


EXPERIMENTAL  TESTS 

Preliminary  experiments  have  been  carried  out  by  using  a  multimode  waveguide  made  of  epoxy  resin 
which  was  deposited  on  a  glass  quarter  of  sphere  with  radius  26im,  The  Input  beam,  coupled  to  the  lens 
guide  by  a  microscope  objective  (Fig.  S),  Included  two  wavelengths,  X.  ■  6328A  (He  -  Ne  laser)  and  x?  • 

>  488 ai  (argon  laser).  A  reflection  phase  grating  with  S40  llnes/sm,  glued  at  the  lens  output, reflected 
back  a  Oth  -  order  beam  and  diffracted  X.  and  X.  beams  Into  at  least  2  orders,  as  shown  In  Fig.  6, 
where  the  output  edge  Is  Imaged.  The  bright  lines  In  Flgg.  S  and  6  are  due  to  the  light  output  from  the 
film  guide  which  Is  tapered  at  the  edge.  The  1st  order  X  ,  and  X,  foci  turned  out  to  be  apart  , 

which  Is  In  good  agreement  with  the  teory.  In  this  test,  carriedSut  with  a  spherical  waveguide  already 
available,  It  was  Impossible  to  obtain  tha  measures  of  the  widths  of  the  output  spots,  due  to  the 

dlsunlformlty  of  the  guide  ,  which  was  also  tapered  at  the  edges  as  already  mentioned.  , 

More  meaningful  experiments  are  In  progress,  utilizing  BK7  glass  substrates  with  R  »  iSmm  and  Ion- 
exchanged  waveguides.  A  first  sample  has  been  actually  fabricated  by  dipping  the  spherical  substrata  , 
conveniently  polished,  In  a  SX  M  solution  of  AgNOJ  NaNO,  at  T  -  .426°.  The  Ion-exchange  time  was  Ih . 
Then  the  guide  has  been  characterized  with  an  Indirect  procedure  which  utilized  some  planar  samples  of 
BK7,  whose  guides  where  fabricated  with  tha  same  recipe.  In  conclusion,  at  x  ■  632BA,  tha  guided  modes 
were  two  and  the  losses  ware  In  the  range  1.2  -  I,3db/cm. 

The  quarter  of  sphere  has  been  1a|  d  on  a  1200  Unes/mm  grating  and  fed  by  monomode  fiber  with 
core  diameter  IOpm.Flg.7  shows  a  top  view  of  the  device:  on  the  top  the  Input  signal  Is  visible,  which 
Includes  three  wavelengths:  ■  6328A  (He  -  Ne  later),  X2  ■  488BA  and  X3  -  5I45*(argon  laser).  Then, 

going  to  the  bottom,  there  are  the  three  Ist-order  beams.  The  X;  beam  Is  less  bright  due  to  the  limited  ' 

power  available  from  the  He  -  Ne  laser,  while  the  two  beams  from  the  argon  source  can  be  distinguished 

only  In  the  focal  zone,  near  the  guide  edge,  having  a  wavelength  difference  of  only  257A.  Finally  the  tap¬ 
ping  beam,  reflected  by  tha  grating,  Is  clearly  visible  on  the  bottom.  The  microscope  objective  allows  the 
Imaging  of  the  output  line.  In  this  way,  feeding  the  device  with  the  Ne*He  laser  only,  and  using  a  grating 
with  540  grooves/mm,  the  Intensity  distribution  of  the  output  spots  has  been  measured,  The  results  are 
shown  In  Flgg.  Ba  (Oth-order  beam)  and  8b  (Ist-order  beam),  It  Is  evident  that  In  both  cases  the  spot 
width  at  3db  Is  of  the  same  order  as  the  Input  fiber  core;  that  means  that  the  expected  aberration  of  the 

diffracted  beam  has  no  noticeable  effect  (the  humper  on  the  right  of  Fig. 8a  Is  clearly  due  to  the  scatter¬ 

ing  of  some  micro-defects  of  the  guide  edge).  Analogously,  Fig.  g  shows  the  Intensity  distribution  of  the 
Ist-order  diffracted  beam,  In  the  case  with  the  1200  llnes/mm  grating.  Also  In  this  case  no  spread  of  the 
beam  focus  has  been  noticed.  In  conclusion,  the  aberration  affects  are  below  the  noise  level. 

Tests  are  still  In  progress  with  the  aim  of  reducing  the  guide  noise  and  improving  the  coupling  with 
the  grating  and  the  Input  fiber, 

CONCLUSIONS 


A  MUX  -  DEMUX  device  which  can  work  alto  as  a  tapping  element  hat  bean  suggested  and  tested.  This 
device  Is  bated  on  the  Imaging  properties  of  a  hemispherical  geodetic  lent.  The  main  advantage  of  tha 
present  approach  with  respect  to  previous  devices  Is  given  by  the  great  accuracy  -  at  low  cost  -  avail¬ 
able  In  the  fabrication  of  the  spherical  geodesic  lent  so  that  the  performance  figured  out  by  the  theory 
should  ba  actually  achieved  In  experimental  tests.  Therefore  this  MUX  DEMUX  device  seem  to  be  parti¬ 
cularly  Interesting  In  the  case  of  monomode  fibers  which  are  characterize*,  by  small  core  diameter  and 
aperture  angle. In  practice,  the  spheric  geodesic  lens  can  assure  diffraction  limited  performance  also  with 
large  diffraction  angles. 

With  multimode  fibers  having  wider  apertures,  the  aberration  of  the  diffracted  beams  Increases  but 

It  Is  still  acceptable  for  gratlns  up  to  BOO  llnes/mm.  On  the  other  hand,  current  requirements  for 

wavelength  channel  spacing  are  In  the  order  of  40  -  60nm  and  therefore  gratings  with  periods  as  low  as 
300  Unes/mm  are  fully  suitable:  In  this  case  the  amount  of  coma  Is  much  lower  than  the  fiber  core  dia¬ 
meter.  However,  If  a  higher  dispersion  Is  required,  and  therefore  gratings  with  frequencies  600 
llnas/mn.  are  to  be  used,  the  aberration  of  the  lens  becomes  not  negleglble  due  to  the  high  value 
of  n  ,  but  It  could  be  corrected  anyway  by  designing  a  sultablo  holographic  grating  (9,  10). 

Although  meaningful  measurements  of  the  Insertion  losses  and  of  the  cross  talk  attenuation  are  not 

yet  available,  there  are  good  reasons  to  believe  that,  potentially,  they  are  at  least  as  good  as  those 

achievable  with  an  aspherlcal  geodetic  lens.  Moreover,  the  choice  of  a  spherical  waveguide  structure 
should  assure  a  more  rugged  configuration  with  respect  to  the  planar  one. 

Finally,  the  possibility  of  tapping  operation  Is  peculiar  to  this  device,  due  to  the  property  of 
the  spherical  guide  to  assure  In  any  case  an  aberration -free  Oth-order  beam,  which  can  be  easily  coupl¬ 
ed  back  to  a  roonomode  fiber.  The  tap  ratio  depends  on  the  efficiency  of  the  reflection  grating. 


Fig.  6  Output  edge  of  the  spherical  geodesic  Ions.  The  Oth,  1st  and  2nd  order  diffract 
•d  beams  art  clearly  visible. 


Fig.  7  Top  view  of  tha  MUX-DEMUX  consisting  of  a  waveguide  fabricated  by  Ion-exchange 
on  a  glass  quarter  of  sphere.  Tha  quarter  of  sphere,  whose  radius  Is  R  ■  15mm, 
Is  lal  d  on  a  blazed  grating  with  1200  groovet/mm.  Front  the  top  to  the  bottom, 
at  first  tha  Input  monomode  fiber  Is  clearly  visible  (core  diameter  10  fin), 
which  feeds  the  device  with  a  signal  Including  three, wavelengths:  A*,-  6328  A, 
4883 A,  and  A,«  SI46A.  Then  there  are  the  three  monochromatic  beams  dlf  - 
fracted  by  the  grating  and  focused  at  the  lent  edge.  Finally  on  the  bottom, 
there  It  the  Oth-order  reflected  beam  ,  which  can  be  used  as  a  tapping. 
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A  STUDY  OF  METHODS  OF  PHASE  NOISE  REDUCTION  OF  SEMICONDUCTOR 
LASERS  FOR  SENSOR  APPLICATIONS 

J.  P.  DAKIN  AND  P.  B.  WITHERS 

PLES3EY  ELECTRONIC  SYSTEMS  RESEARCH  LIMITED 
ROKE  MANOR,  ROMSEY,  HAMPSHIRE,  ENGLAND 


SUMMARY 

This  paper  describe*  methods  of  reducing  eeml conductor  laser  phase  nolee  uelng(a) 
Dtealve  optical  feedback  from  an  array  of  mirrors  or  optical  fibres,  and  (b)  active 
ooutrol  of  the  laeer  drive  current  from  the  output  of  an  interferometer  monitoring  the 
laser  emission. 

1.  INTRODUCTION 

Many  optical  sensors  based  on  fibre  Interferometry  have  been  proposed.  The  majority  of 

th*«e  use  Interferometer*  of  the  Msch-Zehnder  or  Mlehelsoii  type,  in  whioh  the  <yt leal 
path  lenaths  of  the  two  arms  are  often  unequal.  Under  these  conditions,  a  highly 

coherent  light  souroe  Is  neoessary  to  avoid  «defr!di, Siser s^ar ^sufficiently 

in  the  phase  or  frequency  of  the  souroe.  Single  mode  gas  lasers  are  suriicisntjy 

ruih*rnnt  but  their  lsrs*  size,  critical  slignment  reQUireoente*  And  oo*t»  limit  their 
aDDeal  i.U ght  eourcH  fi?  optical  sensor. *  Semiconductor  lassrs.  however  are 
compact,  rugge*  and  potentially  low-priced  devices,  but  the  magnitude  of 
ia  auoh  that  to  obtain  aicroradian  seneltivity  in  interferometric  sensors,  only  path 
Jl! X f erence.  ‘lets  thanone  millimetre  between  the  elgnal  and  reference  arms  can  bs 
tolerated.  This  imbalance  may  be  increased  if  the  magnitude  of  the  laser  phase  noise 
can*  be  reduced  *ueing  si ther  passive  optical  feedback  or  active  control  of  the  laeer 
drive  current.  Both  approaches  are  described  in  this  paper. 

Denoribed  first  are  proposed  experiments  to  examine  tbs  feasibility  of  using  an  array  of 
suitably  spaced  mirrors  to  provide  passive  optical  feedback.  Seoondly,  experiments  to 
measure  phase  noise  reduction  produced  by  active  control  of  the  laser  drive  current  ere 
reported  together  with  their  results. 

3.  PASSIVE  OPTICAL  FEEDBACK 

Goldberg  (1)  has  demonstrated  that  optical  feedback  from  a  single  external  mirror,  60om 
th*L  \.«.r  nroduoes  significant  levels  of  laser  line  narrowing  and  an  associated 
decrease  in  She "phiHe  noi se  of  15dB .  The  additional  reflector  form,  a  Fabry-Perot 
cavity  with  the  laser  output  mirror  and  the  intensity  of  the  reflected  light  is 
dependent  on  wavelength ,  as  ehown  in  figure  1,  limiting  the  possible  frequency 
excursions  of  the  laser  emission. 

However,  the  cyclic  nature  of  the  Fabry-Perot  reflectivity  function  oan  lead  to 
additional  laser  emission  lines  whose  spaeing  is  determined  by  the  position  of  the 
external  mirror.  These  are  generally  referred  to  as  external  cavity  modes  (XCMs)  and 
their  spacing  is  given  by 

Av  -  c/aL, 

where  L  is  the  separation  of  the  additional  mirror  and  the  laser  output  window.  If  the 
external  mirror  reflectivity  is  sufficiently  high,  the  laser  will  operate the 
emission  spectrum  comprising  groups  of  XCMs,  oentred  on  the  longitudinal  modes  of  the 
free  running  laser. 

In  order  to  prevent  multiple  XCM  emission  lines,  the  external  mirror  should  be  placed 
close  to  the  laser  output  window.  The  additional  lines  will  thwn  be  positioned  remotely 
from*  the frss  running  lawr  modes  and  will  bs  unlikely  to  oscillate.  This,  however, 
will  produoe  a  Pabry-Perot  reflectivity  function  with  very  broad  peaks,  having  little 
effect  on  decreasing  the  phase  noise.  In  order  to  produoe  narrow  p®* 
the  mirrors  of  the  Fabry-Perot  cavity  should  bs  widely  spaosd.  Thwes ' 
requirements  of  widely  spaosd  XCMs  aud  narrow  linswidth  could  be  satisfied 
simultaneously  by  using  an  array  of  external  mirrors. 

a.l  Multiple  External  Mirrors 

A  Fabry-Perot  interferometer  comprising  two  plane  parallel  mirrors  possesses  reflection 
peaks  for  wavelengths  -  8L/N,  where  L  Is  the  mirror  spacing  and  N  is  a  positive 

integer.  If  further  mirrors  aril  added  to  form  an  array,  as  in  figure  2a,  such  that 
their  .pacings  are  submultiples  of  L(L/2,  L/4,  L/8...),  the  reflected  beams  will  »d 
coherently.  As  mors  mirrors  are  added  to  the  array,  alternate  peaks  will  be  attenuated 
and  those  remaining  will  be  augmented,  making  the  source  lees  1 °‘“?p 

reflections  when  used  in  a  sensor  system.  Thus  an  array  of  several  “ipP0P* 
carefully  chosen  epaoings  will  produce  reflectivity  peake  whioh  are  widely  spaced  in 
frequency  and  yet  are  still  narrow. 
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A  simple  computer  model  was  developed  to  demonstrate  this,  and  the  results  are  shown  in 
figure  3.  (These  graphs  were  constructed  by  linear  interpolation  between  sets  of 
discrete  points  and  are  therefore  approximations  to,  what  in  reality,  are  smooth, 
continuous  functions). 

The  refleotivity  funotlon  of  the  Fabry-Perot  cavity  formed  between  the  laeer  output 
window  and  one  external,  low  refleotivity,  mirror  le  approximately  sinusoidal.  Figure  3 
also  shows  the  effect  of  an  additional  three  mlrrore  epaoed  at  L/9,  L/ .  and  U/R  -  the 
frequencies  at  which  the  refleotivity  peaks  ocour  become  progrefsivefy  wider"  epaoed 
whilst  the  peaks  themselves  remain  narrow,  and  inoreaes  in  magnitude.  If  sufficient 
elements  are  Incorporated  the  laser  emission  should  comprise  a  single,  narrow,  line, 

3. a  Randomly-spliced  external  fibre  oavlty 

The  array  of  mirrors  dieouesed  above  would  require  high  dimensional  aoouraoy  and 
stability  which  may  in  praotioe  be  difficult  to  aohlove  and  maintain. 

An  alternative  approach  would  be  to  use  a  reflecting  array  of  random 

lengths  of  optical  fibres  aa  shown  in  figure  3b.  The  laaer  would  oscillate  at  an 
optimum  frequency  within  its  gain  curve  at  whloh  the  reflections  from  the  splloes  add 
coherently.  This  technique  la  a  modification  of  that  described  by  Epworth  (3),  in  whloh 
Rayleigh  baokso at taring  from  a  long  fibre  (lOOm  or  more)  le  uaed  to  produce  laeer  line 
narrc„lng.  In  Spworth'a  system  the  laser  looks  on  to  peaks  in  the  ooherent  baoksoatter 
vs.  wavelength  response.  However,  in  our  case,  the  reflection  coefficient  should  be 
enhanced,  even  when  using  relatively  short  fibre  lengths,  making  the  devloe  lees 
sensitive  to  other  reflections  when  the  source  Is  uaed  in  a  system. 

This  fibre  optlo  approach  would  remove  the  requirement  for  accurate  alignment,  but 
aooustlo  isolation  would  be  necessary.  For  most  dynamic  sensor  applications,  such  as 
hydrophones,  occasional  mode  "hopping"  due  to  thermal  fluctuations  would  not  oauae 
problems  provided  the  "hopping"  rate  were  low  (l.e.  lHs).  This  would  be  ensured  by 
thermal  lagging  of  the  fibre  to  reduoe  the  rate  of  temperature  variation. 

3.  ACTIV8  CONTROL  OP  THE  LAB HR  CUHR8HT 


3.1  Introduction 

The  frequenoy  of  the  laser  emission  Is  strongly  dependent  on  the  drive  current.  Active 
control  of  this,  by  feedbaok  from  an  Interferometer  used  ae  a  frequency  discriminator 
monitoring  the  laaer  output,  Is  known  to  reduoe  the  phase  noise  (3,4). 

In  the  present  work,  feedbaok  from  both  an  unbalanced  Mlohelson  (with  a  SB. Bom  path 
difference)  and  a  Fabry-Perot  Interferometer  were  studied  as  menus  of  decreasing  the 
phaee  nolae  of  a  semiconductor  laaer. 

3.3  Experimental 

The  experimental  arrangements  are  shown  in  figures  4  to  8.  The  source  of  illumination 
waa  a  Hitachi  7801B  laeer  diode  with  an  output  power  of  3.6mV.  The  laser  oan  bn  operated 
at  up  to  BmV  output,  but  it  was  used  at  a  lower  power  to  obtain  a  longer  life.  Thin 
devloe  produces  a  single  mode  emission  at  a  wavelength  of  780nm.  The  output  from  the 
Mlohelscn  interferometer  was  first  divided  by  a  souroe  intensity  signal,  derived  from  a 
seoond  detector,  to  minimise  the  effeots  of  amplitude  noise  on  the  Interferometer 
output.  This  arrangement  la  preferable  to  a  subtraction  approaob,  (see  (3),  lor  example) 
as  the  need  for  balancing  the  phase  and  amplitude  noise  signals  is  obviated. 

The  resulting  signal  waa  fed  back  to  control  the  laser  current,  and  a  speotrum  analyser 
was  used  to  monitor  the  output  from  the  divider  with  and  without  feedbaok  applied  to  the 
laser. 

The  bulky  nature  of  the  Mlohelson  interferometer  renders  it  unsuitable  for  phase  noise 
reduction  in  censor  applications.  The  Fabry-Perot  however  le  more  oonvonleit,  being 
particularly  robust  aud  oompact.  When  this  interferometer  was  used  in  plaoe  of  the 
Mlohelson,  as  shown  In  figure  B,  the  frequenoy  dleorlminatlor.  slope  was  so  high  that  the 
divider  oould  be  removed  as  It  was  found  to  have  little,  It  any,  measurable  effect  on 
the  phase  nolee  reduction;  the  Interferometer  output  alone  oould  be  used  as  the  feedbaok 
signal.  In  addition  to  the  phase  noise  feedbaok,  In  all  experiments  simple  Intensity 
feedback  was  simultaneously  applied  from  the  laser's  Integral  monitor  photodiode,  via  a 
lower  gain  feedbaok  loop.  In  this  dual-loop  system  the  latter  loop  ensured  the  laaer 
operated  near  the  correct  region.  Then  the  higher  gain  phase  noise  control  loop 
dominated,  allowing  small  phase  ohanges  from  the  laser  to  be  rapidly  oorreoted  for. 

In  the  experiments  described  so  far,  the  interferometer  and  detector  in  the  feedbaok 
loop  intercepted  all  the  light  emitted  by  the  laser.  This  la,  in  fact,  unrealistic,  ae 
in  any  sensor  application  only  a  small  proportion  of  the  laser  emission  would  be  used  in 
the  nolee  reduction  system.  Further  experiments  were  performed  in  whloh  approximately  4* 
of  the  laser  beam  was  diverted  Into  the  feedback  system  and  the  remainder  was  monitored 
by  a  seoond  Fabry-Perbt,  the  output  of  whloh  was  displayed  on  the  speotrum  analyser. 
This  arrangement  is  shown  in  figure  B. 
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The  output  from  the  semiconductor  laser  was  strongly  divergent  and  had  to  he  ool lloated 
before  entering  the  Interferometers.  This  was  achieved  using  an  80mm  FL,  f/4  alr-spaoed 
doublet  lens  In  the  Mlohelson  experiments,  and  a  x20  ralorosoope  objective  In  those 
Involving  the  Fabry-Perot .  Optical  feedback,  from  the  lnterferomsters  and  other 
components,  was  minimised  In  the  former  oase  by  placing  a  Smo  aperture  between  the  laesr 
and  collimating  lens,  and  by  slightly  misaligning  the  Pabry-Perot  Interferometers  and 
the  laser  beam  In  the  latter.  Uncontrolled  optical  feedbaok  must  be  avoided;  otherwise  a 
multimode  output  and  mode  hopping  may  result. 

3.3  Results 

The  graphs  presented  in  figures  7  to  0  show  the  nolee  epeotra,  In  a  lKm  bandwidth,  for 
the  three  experimental  arrangements  described  previously.  The  epeotra  plotted  in  each 
figure  were  produced  with  the  following  oondltlona: 

a)  No  feedbaok  from  the  Interferometers,  the  Intensity  feedbaok  signal  from  the  Integral 
photodiode  heavily  damped  by  a  low  pase  filter  (3  dB  point  0.1  Hb).  This  Is  the  natural 
spootrum  of  the  laser  smisslon. 

b)  No  feedbaok  from  the  Interferometer.  Amplitude  noise  feedbaok  from  Integral 
photodiode  applied. 

o)  Feedback  from  Interferometer  providing  phase  noise  correction.  (Undamped  signal  from 
integral  photodiode  still  applied  although  heavily  dominated  by  Interferometer  signal 
under  normal  operating  conditions). 

The  inter feromster  output  is  expressed  in  dBs  relative  to  a  1  volt  rme  signal.  The 
resulting  phase  shift  which  would  occur  In  an  Interferometer  with  an  optloal  path 
difference  of  lorn  le  also  shown. 

In  addition,  figure  7,  showing  the  Mlohelson  results,  also  Includes  a  graph  of  the  noise 
output  from  the  Interferometer  adjusted  to  aero  path  dlfferenoe. 

Table  1  compares  the  reduction  In  phase  noise  achieved  from  the  three  experimental 
arrangements  at  a  frequency  of  lKHm. 

4.  DlSCUafllQN  OF  BXPBUMgNTAL  8K8ULT8  ON  ACTIVE  PH  AS  8  N0188  CONTROL 

The  results  undoubtedly  demonstrate  that  active  control  of  the  laesr  ourrent,  by 
feedback  from  an  Interferometer,  leads  to  a  significant  Improvement  In  the  level  of 
laser  phaoe  nolee.  However,  any  results  obtained  using  the  same  Interferometer  to 
produoe  ths  feedback  signal  and  monitor  the  laser  output  should  be  treated  with  oautlon 
as  environmental  vibrations  oauslng  variations  In  the  interferometer  mirror  spaolnge 
will  be  corrected  for. 


That  environmental  vibrations  affeot  the  Interferometer  output  le  Illustrated  by 
oomparlng  results  obtained  using  the  Mlohelson,  adjusted  to  sero  path  difference  without 
feedback,  with  those  obtained  with  feedbaok  and  a  path  difference  of  36. Bom  (figure  7). 
At  low  frequencies,  the  former  aotually  measures  more  noise,  even  though  of  course  with 
a  balanoed  Interferometer  contributions  due  to  laser  phase  nolee  must  bs  absent.  This 
low  trequsnoy  noise  la  thought  to  be  due  to  local  environmental  vibrations.  When 
feedbaok  is  applied,  with  ths  unbalanced  Interferometer,  these  are  compensated  for  by 
appropriate  ohanges  in  the  < laser  emission  frequency.  As  expected,  noise  reduction 
measured  with  a  separate  Interferometer  Is  lees  than  that  measured  In  the  feedbaok  loop. 


It  Is  ooneldered  that  the  results  obtained  using  separate  monitoring  and  oontrol 
lnterferomsters  are  the  more  realistic  for  real  sensing  eyetems.  Comparing  the  results 
preeented  In  figures  8  and  0,  phase  noise  reduction  in  approximately  8dB  less  when 
measured  with  a  separate  Interferometer.  However,  an  Improvement  of  up  to  4BdB  was 
still  observed  and  the  resulting  ph|se  shHta  that  would  be  produced  In  an  unbalanced 
Interferometer  are  lfss  th§n  .Hired. cm  .  Ha  for  frequencies  greater  than  100  He,  and 
lens  than  O.Bjirad.cm  .  Hs  '  for  frequencies  greater  than  lKHs. 


Surprisingly,  simple  lutenslty  feedbaok  from  the  Integral  monitor  photodiode  of  ths 
laser  was  found  to  reduce  the  phase  noise  by  up  to  90dB.  This  whs  a  considerably  greater 
reduction  than  that  observed  by  Dandrldge  and  Tveten  (6),  who  reported  virtually  no 
Improvement  with  Intensity  feedbaok.  It  Is  possible  to  speculate  that  a  Fabry-Perot 
cavity  may  have  been  formed  between  the  laser  chip  and  the  integral  monitor  photodiode, 
resulting  In  a  frequency  dependent  photodiode  output. 


Reflections  from  all  the  Interferometers  back  into  the  laser  cavity  were  found  to  oause 
unpredictable  multimode  operation,  with  an  associated  Increase  In  phase  noise.  Although 
with  careful  alignment  (or  perhaps  more  strlotly,  misalignment)  this  oould  be 
eliminated,  It  is  anticipated  that  an  anti-reflection  ooated  optloal  isolator  would  havs 
to  be  Incorporated  to  eliminate  the  problem  completely. 

8.  CONCLUSIONS 


The  feasibility  of  using  passive  optloal  feedbaok  from  au  array  of  splloed  optical 
fibres  to  reduoe  laser  phase  noise  has  been  demonstrated  but,  ae  yet,  not  confirmed  In 
praotloe.  The  use  of  random  lengths  of  fibre  le  attractive  ae  It  would  be  particularly 
simple  to  Implement. 
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Active  feedback  control  of  the  laser  drive  current  reduced  the  phase  noise  by  up  to  45dB 
and  the  moulting  phase  ehift-whlch  would  be  produced  in  an  unbalanced  Interferometer  is 
less  than  l^iratl.  ora”  .  Hz-1^  for  frequencies  greater  than  100Hz.  This  is  considered  to 
be  sufficient  for  sensor  applications. 
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OPTICAL  QUADRATURE  DEMODULATOR 
FOR  COHERENT  DETECTION  AND  SENSOR  APPLICATIONS 
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ABSTRACT 

A  now  davioa  haa  bo an  daaignad,  built  and  damonatratad 
which  providaa  exceptional  performance  in  a  vary  small,  poten¬ 
tially  vary  low  coat  unit.  Balanced  quadrature  detection  for 
homodyne  or  heterodyne  detection  of  phase  or  frequency  encoded 
aignal  information  la  acoompliahed  with  microradian  phaae 
aenaitivitiea  over  a  broad  range  of  environment*  and  for  a 
broad  dynamic  range  of  aignal  leva la  and  fraquaneiea.  Reaulta 
of  current  development  teating  will  ba  presented  along  with 
briaf  diacuaaiona  of  potential  appliaatlona  to  coharant  dateotion 
for  interferometer*,  aenaora,  and  uommunioaticna. 


INTRODUCTION  ^nnQVJ(tiv-  mixer/deteotor  haa  been  developed  to  provide  balanced 

quadrature  demodulation  of  optically  enoodad  phaae,  frequency,  and/or  amplitude  signals. 
The  original  motivation  waa  to  develop  a  compact,  vary  aanaitive  device  for  detecting 
miaroradian  optical  phaaa  ahifta  in  fiber-optic  interferometric  aenaora. 

F1BRR  OFTIjj  ^pfoS/f^J^inUor,  baaed  on  Maoh-Behnder  interferometry  (Figure  1),  detect* 
the  influence  field  of  intereat  (e.g.,  preaaure,  temperature,  eleotrio/magnetio  field, 
etc. )  by  incorporating  a  tranaduotion  machaniam  into  the  aenaing  fiber  which  ganerataa 
an  optical  phaae  ahift  in  roaponae  to  that  influence  (Reference  i).  For  our  aenaor 
appllcationa  to  date,  the  important  deaign  requirement*  have  been  that  the  davioa  accept 
optical  fiber  input*  at  AlGaAs  laaar  wavelength*  (830  nm),  achieve  very  low  phaae 
detection  noiae  floor*  (a.g.  <1  urad//WI)  operate  over  a  moderate  temperature  range 
( 0*c<T<80’c ) ,  and  provide  quadrature  detection  from  DC  to  100  kHi  frequenoiea. 


demodulator  concept  to  oonvert  the  optical  phaae  aignal  into  four  balanced,  quadrature 
eleutriaal  output*  proportional  to  i  coat  and  t  aint .  The  oonatruotion  of  thia  device 
ia  extremely  almple  and  the  moat  costly  element  ia  the  custom  photo-detector.  Obvious 
advantage*  of  this  deaign  are  its  small  aiae  (Figure  2)  and  potentially  low  production 
coat  —  both  are  oonaaquencas  of  tha  baaio  daaion  simplicity.  Another  benefit  of  the 
compact  package  ia  an  added  degree  cf  mechanical  stability  againat  optical  misalignment 
in  extreme  thermal,  ahoak,  and  vibration  anvironmanta. 


Croat  oar*  ia  taken  in  the  deaign  to  suppress  back-reflection  from  th*  fiber 
ends  or  any  other  element*  within  tha  optical  demodulator  package,  due  to  the  extreme 
auaceptibilitiea  of  moat  laser  types  to  baok-raf lection.  Excessive  phaaa  noise  and 
strong  parasitic  oscillation*  will  generally  ocour  in  the  prerenoe  of  back-coupled  power 
levels  In  excess  of  only  about  0.02s  (Reference  2)  of  output  power. 

Frequency  raaponse  of  the  silicon  detector  (1  mm  diameter)  has  been  measured 
to  be  in  excess  of  50  MHsi  with  amallor  geometries  and  speoifio  deaign  attention  to 
high-speed,  Si,  <2aAa  and  other  detector  types  (e.g.,  InGaAaF,  Ga  for  longer  wavelength 
aarriera)  car  be  made  to  perform  at  GHs  frequencies  if  required. 


will  usually  determine  system  dynamic  range  and  fra 
mented  for  aenaor  applications  are  demonstrating  12 
with  50  kill  frequency  response. 


rather  than  th*  deteotor/preamps, 
quancy  raaponse.  Circuits  impls- 
0  dB  single  frequency  dynamic  rang* 


The  benefits  of  balanced  mixing  are  apparent  in  a  measured  20  dB  rejection  of 
noise  due  to  optical  source  amplitude  fluctuations.  Thia  ia  essential  to  tha  achieve¬ 
ment  of  quantum-limited  performance  for  any  ooharent  detection  application.  In  order  to 
enhance  th*  packaging  versatility  of  thia  passive  demodulation  technique,  an  integrated 
circuit  (Figure  4)  ia  under  development  to  provide  a  compact,  environmentally  stable, 
self-contained  unit  for  broad  application  to  interferometric  sensor,  coherent  communica¬ 
tion,  and  high  bandwidth  optical-fiber  telemetry  applications. 
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DEMODULATION  PERFORMANCE 

~  *  Data  in  figure  5  are  from  an  optical  demodulator  fabricated  and  tested  for  uae 

at  audio  frequencies  with  a  fiber-optic  acoustic  sensor.  Unfortunately,  noise  levels 
measured  at  frequencies  below  about  100  Hz  are  duo  to  background  laboratory  acoustics 
and  seismic  levels.  For  frequencies  above  500  Hz,  the  teat  system  is  laser  phase  noise 
limited  at  a  level  approximately  20  dB  above  demodulation  shot-noise  limits.  For  the 
AlQaAs  laser.diode  types  used  in  this  system,  this  noise  level  is  expected  to  vary  like 
(frequency)  '*■  (References  3  and  4).  In  a  coherent  deteotion  system  operating  at  the 
shot-noise  limit,  a.g.,  through  the  use  of  a  strong  local  oscillator  field,  the  noise 
level  will  decrease  as  (frequency)"1.  The  saturation  dynamic  range  measuraments  shown 
in  Figure  5  suggest  that  the  demodulation  dynamic  range  under  shou-noiae  limited  operation 
is  on  the  order  of  120  dB.  Signal  saturation  occurs  first  in  the  multiplier  function 
(refer  to  Figure  3)  and  exhibits  a  1/f  characteristic  due  to  the  differentiation  funation 
whioh  takes  place  just  prior  to  the  multiplier  stages. 

Ii.  order  to  cope  with  optical  modulation  depth  variations  due  to  optical 
misalignment  or  polarisation  fading  due  to  environmental  effects,  an  AQC  funation  has 
been  incorporated  which  sots  to  hold  constant,  the  phasor  magnitude  measured  at  the 
quadrature  demodulator  outputs,  with  this  in  place,  system  gain  with  a  demodulator, 
such  as  shown  in  Figure  2,  is  routinely  held  constant  to  within  ±0.5  dB  over  a  full  0° 
to  60'C  external  temperature  range.  The  data  of  Figure  6  demonstrates  this  signal  level 
stability  using  a  1  mrad,  rms  tonal  opsrating  at  1  kHz. 

OTHER  APPLICATIONS 

Several  f requenoy  and  phase  demodulation  applications  for  the  oompaot  fiber¬ 
optic  demodulator  are  shown  in  Figure  7.  The  most  obvious  application  is  phase-shift- 
kayed  (FSK)  or  frequenoy-shift-kayed  (FSX)  digital  data  transmission  at  very  high  bit 
rates  over  optical  fiber  links. 

An  important  application  arises  when  a  looal  oscillator  arrangement  in  used  for  homodyns 
or  heterodyno  detection.  By  sampling  the  signal  oarrier  and  the  looal  oscillator,  the 
optical  quadrature  demodulator  can  be  used  as  the  phase  detector  in  a  feedback  loop  whioh 
continuously  adjusts  the  local  oscillator  to  track  the  signal  oarrier.  It  is  expected 
that  such  techniques  will  be  required  to  reduoe  laser  phase  noise  to  the  small  bit-jitter 
tolerances  (approximately  10*  -  15*)  allowable  for  low  error  rata  coherent  digital 
communication  (Reference  5). 

A  oonveniant  means  for  direot  homodyns  detection  of  a  frequency  modulated 
signal  is  to  introduce  a  path  length  difference,  a L,  between  two  inputs  of  the  same 
signal,  Mt),  to  the  mixer/demodulator i  the  output  is  just  proportional  to  6L*Au(t). 

Multiplexed  signals  may  be  deteoted  in  several  different  straightforward 
configurations  using  the  grating  device.  Multiple  local  oscillators  and,  possibly 
multiple  optical  demodulators,  may  be  required  when  optical  multiplexing  is  used) 

i.e.,  channel  spaaings  greater  than  about  10  nm,  as  dictated  by  current  optical  filter 
isolation  capabilities.  Mora  typically,  it  is  expected  that  tne  full  advantages  of 
coherent  deteotion  will  be  obtained  by  the  use  of  electronic  multiplexing  onto  a  single 
optical  carrier)  i.e.,  channel  spaaings  of  less  than  a  QHs  are  easily  demultiplexed  at 
tne  intermediate  frequencies  of  a  heterodyne  system.  Something  on  tne  order  of  ten 
thousand  "electronic*  channels  would  then  reside  within  eaah  "optical"  channel. 

The  optical  damodulator  is  proving  to  be  of  great  value  wherever  low-oost, 
self-contained,  compact,  passive  balanced  quadrature  optical  demodulation  is  a  require¬ 
ment.  Interferometry,  interferometric  eeneore,  end  coherent  communication!  are  likely 
to  benefit  moat,  immediately  from  the  availability  of  thia  now  device. 
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DISCUSSION 


T,Bakker«  Ne 

What  ii  the  Influence  of  acoustical  and  mechanical  vibrations  on  the  performance  of  the  optical  quadrature 
demodulator  you  discussed? 

Author’s  Reply 

None  observed  to  date,  but  no  extensive  environmental  testing  has  been  completed. 
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ABSTRACT 

Thia  paper  presents  performance  measurements  data  accomplished  on  a 
678  Mblt/a  single-mode  fiber  optio  transmission  ayatam  for  varloua  laser  diode 
atruoturaa  and  moat  Importantly  under  different  near-  and  far-end  optioal  feed¬ 
back  oonditlona.  Speoifioally ,  for  two  Integral  ooupllng  aohemea  l.e.  the  drawn 
fiber  taper  with  a  lens  and  hemiapherloally  ended  graded  index  fiber  lena  (ORINF- 
lena)  the  near-end  optioal  feedback  have  been  modelled  and  almple  method  for  its 
experimental  assessment  has  been  given.  Feedbaok  induced  variations  of  losing 
speotra  and  of  mode  partition  noise  and  their  influenoes  on  bit  error  rate  (BER) 
data  have  been  experimentally  determined  for  a  dispersive  single-mode  fiber 
tranamlaaion  link  with  the  two  ooupllng  arrangements. 

Comparative  measurements  have  been  done  with  a  butt-ooupled  fiber  and  with 
a  non-dlsperslve  fiber  system.  Furthermore,  far-end  reflections  from  a  oonneotor 
Joint  and  their  quantitative  influence  on  BER  dau  have  been  Investigated. 

INTRODUCTION 

One  of  the  main  problems  of  single  mode  fiber  oommunioation  systems  for 
high  data  rates  (>500  Mbit/s)  is  the  modification  of  the  intrinsic  laser  diode 
aharaoterlstloa  by  optical  feedback.  Depending  on  both  the  Intensity  and  phase 
of  the  light  fed  baok  into  the  laser  mode  strong  changes  of  the  threshold  cur¬ 
rent,  emission  wavelength,  spectral  width  and  the  line  width  of  the  longitudinal 
modes  arise  /1-4/, 

The  ohange  of  the  laser  noise  /5-8/  and  the  mode  partition  noise  /9 , 10/ 
according  to  phase  and  Intensity  fluctuations  of  the  reflected  light  deterio¬ 
rates  the  bit  error  rate  performanoe  of  high  data  rate  systems  /II, 12/.  In  oase 
of  a  laser  diode  ooupled  to  a  single  mode  fiber  with  a  lens  on  its  end  optioal 
feedbaok  is  mainly  oaused  by  reflections  from  the  fiber  lens  surface,  fiber  oon- 
neotors,  fiber  splioea  and  fiber  end.  Coherent  reflections  from  the  near  fiber 
end  (fiber  lens)  cause  both  a  shift  and  a  broadening  of  the  laser  speotra  as 
well  as  a  change  in  the  laser  output  power.  The  latter  also  ooours  in  spite  of 
the  stabilizing  means  of  the  laser  output  power  realized  by  a  monitor  photodiode 
plaoed  at  the  rear  laser  facet.  Reflections  from  the  far  fiber  end  induoe  an 
enhancement  of  the  intensity  noise  and  especially  of  the  mode  partition  noise. 

THEORETICAL  DETERMINATION  OF  NEAR-END  OPTICAL  FEEDBACK 

Fig.  1  shows  schematically  a  laser  diode  coupled  to  a  single-mode  fiber  by 
a  fiber  lens.  Yet  different  kinds  of  fiber  lenses  have  been  investigated  with 
reapeot  to  the  above  mentioned  feedbaok  effeots  / 1 3— 17/.  Assuming  a  spherically 
shaped  lens  surfaoe  the  ratio  of  the  reflected  power  Pb  (ooupled  baok  into  the 
laser  mode)  to  the  laser  output  power  Pf  is  given  by  / 1 8/ 


14-2 


with  the  lens  radius  RL,  the  power  reflection  ooeffioient  at  the  lens  surfaoe 
rg  and  the  wave  number  k  a  2  AQ  with  \0,  being  the  vacuum  wavelength.  wx, 
wy  and  Rx  and  Ry  denote  the  beau  width  spot  radii  and  the  radii  of  ourvature 
of  the  phase  front  of  the  laser  field  strength  at  the  lens  vertex  in  the  trans¬ 
verse  direotions,  respectively  / 19/ • 

Fig.  2  represents  the  oaloulated  results  of  the  optioal  feedbaok  ratio 
rjFB  ■  10- lg  Pfa/Pf  due  to  rofleotlon  at  the  fiber  lens  surfaoe  versus  the 
laser-lens  distance  d  that  is  to  be  expected  for  various  coupling  arrangements 
as  depleted  in  Fig.  3.  The  optimum  dlstanoes  d  t  are  indloated  by  oirolea  in 

Fig.  2.  For  an  optimally  coupled  drawn  fiber  taper  with  a  fused  lens 

CRl*10  /um,  d  t*15-20  ^um,  r2*0.04)  'as  shown  in  Fig.  3a  the  optioal  feedbaok 
amounts  to  roughly  B%-40  dB.  Whereas  for  a  fiber  taper  with  a  high-index 
mlorolens  (RL«12  ^um,  *10-15  ^ura,  r2»0.09)  as  outlined  in  Fig.  3b  the 
oaloulated  feedbaok  is  approximately  fJpB^-30  dB.  The  third  ooupling  arrange¬ 
ment  as  drawn  in  Fig.  3c  consists  of  a  piece  of  spherioally  shaped  graded  index 
fiber  (QRINF-lens)  being  splioad  onto  the  single-mode  fiber  end  /20/.  The  graded 
index  fiber  sots  like  a  quarter-pi toh  graded  index  lens.  To  obtain  the  optimum 
radius  of  curvature  of  the  hemispherical  lens,  the  graded  index  fiber  (OIF)  is 
etched  down  to  the  proper  end  diameter  and  finally  melted  to  a  lens  in  an  aro 
disoharge.  For  some  typical  parameters  (R*25  ^urn,  d*50-70  ^um,  rgiwO.04  and 

a  OIF  with  N. A.  »  0.14)  the  expaoted  feedbaok  assumes  the  value  of  dB. 

EXPERIMENTAL  EVALUATION  OF  NEAR-END  OPTICAL  FEEDBACK 


The  influence  of  the  coherent  rofleotions  on  the  power  and  spectrum  fluctu¬ 
ations  depends  on  the  distance  d,  i.e.  on  the  length  of  the  external  resonator 
cavity  formed  by  tho  laser  mirror  and  the  first  fiber  lens  surfaoe.  The  exter¬ 
nal  resonator  ohanges  the  intrinsic  laser  mirror  reflectivity  r,,  as  a  periodic 
funotlon  of  d  and  so  does  the  output  power  (Fabry-Perot  fluctuation) . 

Negleoting  the  multiple  reflections  an  effective  reflectivity  reff  may  be 
derived  and  is  given  by  / 13/ 

refi  -  [Vr  (l-r,)-iF]  +  4 ci - r ,) 00*'  (kd) 

with  £  “  , 


the  ratio  between  the  laser  output  power  P,  and  the  monitor  power  F_  at  the 

i  m 

rear  laser  facet  is  expressed  as 


(3) 


Inserting  equation  (2)  into  (3)  and  assuming  a  power  stabilised  laser  operation 
(Pn  ■  const.)  we  attain  an  expression  for  a  periodic  variation  of  the  laser 
power 


*3 s**^ 


2iE  ( 1  +  r , ) 

“7 


(4) 
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where  Pf0  la  the  laser  output  power  without  feedbaok.  Fig.  4  shows  the  measured 
ooupling  effioienoy  ij  as  a  function  of  the  laser-lens  dlstanoe  d  for  a  typloal 
drawn  fiber  taper  with  a  fused  lens  and  for  a  ORINF-lens  ooupling  scheme.  The 
maximum  ooupling  effioienoy  for  both  Is  about  40  %,  The  optimum  ooupling  di¬ 
stance  dQpt  is  about  18  ^ura  and  45  ^urn,  respectively.  The  Fabry-Perot  fluctua¬ 
tion  with  a  period  of  Ka/ 2  is  visibly  superimposed  onto  the  axial'  alignment 
toleranoe  ourve.  It  Is  a  measure  for  the  optloal  feedbaok  and  may  be  used  to 
quantise  it.  Setting  the  measured  ripple  APf/P^0  into  equation  (4)  we  oan 
easily  evaluate  tha  feedbaok  parameter 


n« 


(5) 


Corresponding  to  different  ooupling  eff^olenoles  the  experimentally  determined 
peak-to-peak  amplitude  of  the  ripple  APf/Pfo  for  fiber  tapers  with  fused  lenees 
was  found  in  a  range  of  about  4-7  I,  l.e.  -42  dB  to  -38  dB  for  t|rB,  respec¬ 
tively.  For  fiber  tapers  with  high  index  lenses  we  measured  APf/Pfo  of  about 
7-12  t  or  in  feedbaok  terms  dB  to  -38  dB.  For  the  ooupling  soheme 

with  a  ORINF-lens  the  APf/Pf0  ratio  ranges  between  1-2  t  or  HPB*-5S  dB 
to  -51  dB,  respectively.  For  oomparlaon,  in  the  oase  of  a  plane  ended  fiber  the 
Fabry-Perot  fluctuation  ratio  amounts  typioally  to  APf/P^*  30-35K. 


In  addition  to  the  fluotuatlon  of  the  emitted  laser  power  one  also  observes 
periodically  ooouring  ohanges  of  the  speatral  width  and  center  wavelength  of  the 
optloal  apeotra  as  the  dlstanoe  between  laser  and  lens  is  varied.  Fig.  5  gives 
an  example  or  the  measured  optloal  speotrum  variations  with  dlstanoe  for  MGRW- 
laser  diode  when  ooupled  to  a  plane-ended  fiber.  The  respeotlve  center  wave¬ 
length  positions  are  marked  by  a  star.  One  oan  realize  a  center  wavelength  shirt 
dvAof  about  1.5  nm  with  a  period  of  \o/2>»0.65  ^um.  Center  wavelength  shifts 
up  to  2  nm  were  observed.  For  a  fiber  taper  with  a  fused  lens  and  a  ORINF-lens 
the  measured  oenter  wavelength  excursions  were  0.8  nm  and  0.6  nm,  respectively. 
The  ohange  of  the  speotral  half  width  <T  strongly  depends  on  the  laser  pump  our- 
rent  and  on  the  speotral  width  of  tha  undisturbed  laser.  The  experimentally  ob¬ 
served  variations  0.9*  amount  to  20-30  5  where  the  half  width  of  the  optloal 
apeotra  O'  for  different  laser  diodes  being  made  available  varies  within  a  range 
of  1-2  nm. 


MEASUREMENT  SETUP  FOR  THE  INVESTIGATION  OF  SYSTEM  PERFORMANCE 
DUB  TO  OPTICAL  FEEDBACK 


The  measurement  setup  for  the  Investigations  or  optloal  feedbaok  Influence 
on  the  intensity  noise  speotra  and  the  bit  error  rate  (BER)  performsnoe  oharao- 
terlstios  is  sohematioally  shown  in  Fig.  6. 

For  transmission  experiments  different  BH-,  C3P-  and  MCRW-laser  diodes  with 
an  emission  wavelength  of  approximately  1.3  ^um  were  employed.  The  lasers  were 
modulated  with  a  678  Mbit/s  pseudorandom  pattern  generator  and  the  modulation 
depth  was  adjusted  to  100  5  every  time.  In  the  course  of  our  experiments  two 
different  ooupling  arrangements,  i.e.  a  fiber  taper  with  a  fused  lens  and  a 
ORINF-lens  have  been  utilised.  For  comparison  a  butt-ooupled  fiber  was  also 
used.  In  order  to  Judge  the  feedbaok  influenoe  of  the  fiber  lens  surfaoe  next  to 
the  laser  diode,  the  dlstanoe  d  between  the  laser  mirror  and  that  surfaoe  Is 
continuously  varied  by  a  positioning  system  with  a  resolution  of  smaller  than 
0.1  /Uin.  The  oonneotorlzed  fiber  piatail  roughly  2  m  long  is  ooupled  to  s  mono¬ 
mode  fiber  link.  The  feedbaok  at  the  aonnsotor  Joint  oan  be  either  tuned  by 
slightly  ohanglng  the  gap  between  tha  fiber  end  faoes  or  greatly  reduoed  by 
lndex-matohlng. 
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Two  different  monomode  fibers,  i.e.  a  30  km  fiber  with  the  dispersion  mini¬ 
mus  at  X0  ■  1.3  ^um  and  a  13  km  dispersion  shifted  fiber  with  a  total  dis¬ 
persion  of  350  ps/nm  at  A0  *  1.3  ^urn  have  been  alternately  implemented  in 
the  system.  The  dispersion  shifted  fiber  has  been  introduoed  to  evaluate  the 
system  degradation  oaused  by  the  mode  partition  noise  as  expeoted  most  severely 
at  1.5  /um. 

The  output  of  the  fiber  link  is  ooupled  into  a  monoohroma tor  and  deteoted 
with  a  fast  inOaAa/InP-avalanohe  photodiode  and  followed  by  a  oasoade  of  broad¬ 
band  amplifiers  and  an  equaliser  oirouit.  Depending  on  the  adjustment  of  the 
monoohromator  one  oan  monitor  tho  intensity  noise  apeotra  of  either  the  total 
reoeived  signal  or  seleoted  longitudinal  modes.  The  bit  error  rate  performance 
measurements  may  also  optionally  bo  carried  out. 

FAR-END  INFLUENCE  OF  OPTICAL  FEEDBACK  ON  BER  DEGRADATION 

Aooording  to  MoCunbers  theory  /2V  the  intensity  nolss  speotra,  its  ampli¬ 
tude  and  frequanoy  oharaoteristio  for  a  laser  diode  depends  strongly  on  the 
number  of  longitudinal  modes  examined.  Furthermore  it  is  also  heavily  lnfluenoed 
by  the  optloal  feedbaok  (including  distributed  feedbaak  within  the  fiber  Itself) 
and  modulation  format  the  laser  diode  is  driven  with. 

Fig.  7a  presents  noise  speotra  of  a  oontinuously  operating  BH  laser  diode 
for  both  the  total  modes  and  for  the  dominant  longitudinal  mode.  The  drawn  fiber 
taper  with  a  lens  yielding  a  coupling  afflolanoy  of  40  %  has  been  used  and  the 
laser  diode  was  biased  at  :th‘  For  this  particular  oase  the  feedbaok  to  the 
laser  was  set  to  a  maximum  by  appropriately  adjusting  the  gap  at  the  connector. 
The  clearly  visible  aomb  struoture  in  the  dominant  longitudinal  mode  is  oaused 
by  the  Fresnel  reflection  from  the  external  oavlty  oonsistlng  of  the  fiber  pig¬ 
tail.  The  mode  spacing  of  the  Intensity  noise  peaks  is  the  inverse  of  the  round 
trip  time  of  the  external  oavlty 


where  L,  o  and  n  are  the  external  cavity  length,  the  vaouum  light  velocity  and 
the  refraotlve  index  of  the  fiber  material,  respectively .  One  recognizes  that 
the  noise  spectrum  of  the  dominant  longitudinal  mode  is  not  flat  within  the 
entire  frequency  range  of  the  spootrum  analyser.  Qualitatively,  one  observos 
similar  relatlvs  noise  speotra  with  a  superimposed  oomb  struoture  for  all  indi¬ 
vidual  lasing  modes  the  only  difference  being  the  noise  power.  The  differenoe 
betweun  the  noise  power  for  dominant  mode  (curve  1)  and  the  one  for  total  modes 
(ovirve  2)  is  larger  than  20  dB  for  frequenoles  up  to  600  MHz  and  is  oaused  by 
mode  partitioning.  The  intensity  noise  peaks  are  also  present  in  the  total  modes 
(ourve  2}  but  not  so  prominent  oonoerning  their  amplitudes.  The  differenoe  in 
their  comb  characteristics  are  attributed  to  strong  anti-oorrelation  between  the 
individual  longitudinal  modos.  The  mutual  oompensatlon  of  the  intensity  fluctu¬ 
ations  of  the  lasar  modes  ooours  for  short  or  non-highly  dispersive  fiber 
lengths  as  is  here  the  oase.  From  the  aforesaid  it  is  evident  thct  the  RF  speo- 
trum  of  a  single  longitudinal  mode  also  oontalns  the  information  about  mode 
partition  noise  (MPN).  Due  to  the  deterlorsting  influerv  j  of  the  optical  feed¬ 
baok  on  the  optical  speotra  leading  for  instance  to  wavelength  shifts  of  the 
longitudinal  modes  aoourate  in-si tu  signal- to-noise  measurements  on  single 
longitudinal  modes  in  the  RF-frequenoy  domain  are  difficult  to  be  carried  out 
and  above  all  then  time-oonsumlng . 


14-5 


Therefore,  to  oiroumvent  this  difficulty,  we  utilize  a  strong  dispersive 
single  mode  fiber  whioh  abolishes  the  compensation  of  the  Intensity  fluctua¬ 
tions  due  to  the  different  propagation  velooltles  of  the  individual  modes  along 
the  dispersive  fiber.  With  inoreasing  fiber  length  the  anti-oorrelatlon  is  lost 
leading  to  an  inorease  of  the  total  noise  power.  Under  suoh  experimental  condi¬ 
tions  the  measurement  of  MPN  oan  even  be  performed  from  the  RF  speotra  in  total 
modes.  Fig.  7b  visualises  suoh  an  RF  spectrum  of  a  BH-laser  diode  after  a  trans¬ 
mission  along  13  km  dispersion-shifted  fiber.  By  varying  the  gap  of  the  connec¬ 
tor  Joint  the  amount  of  feedbaok  is  adjustable  to  maximum  or  minimum  inducing 
intensity  noise  peak  ohanges  of  approximately  5  dB. 

Index-matching  fluid  in  the  oonneotor  markedly  suppresses  the  comb  struc¬ 
ture  but  instead  strong  low  frequenoy  fluotuations  in  the  kHz  region  of  the  RF 
speotrum  arise  (Fig.  7o).  Qualitatively,  this  seams  to  be  effeotuated  by  one 
or  a  combination  of  the  following  effects)  fiber  baoksoattering,  polarization 
variations  and  refraotive  index  ohanges  due  to  ambient  temperature  ohanges. 
However,  these  fluotuations  will  be  greatly  reduced  by  sinusoidally  modulating 
the  laser  diode  with  both  an  appropriate  frequenoy  and  modulation  amplitude. 

Fig.  8  shows  both  the  eye-diagrams  (upper  row)  and  the  RF  intensity  noise 
speotra  (lower  row)  of  a  CSP  laser  diode  modulated  by  a  678  Mbit/s  NRZ  pulse 
pattern.  Two  different  fiber  lengths  (30  km  non-hlghly  dispersive  and  13  km 
highly  dispersive  single  mode  fiber)  have  been  successively  used  in  the  system 
measurements.  The  reoalver  power  level  was  kept  oonstant  at  -30  dBm  eaoh  time. 
Fig.  8a-b  and  Fig.  80-f  demonstrate  the  results  for  the  two  fiber  links,  re¬ 
spectively.  The  system  performanoe  degradation  caused  by  MPN  (Fig.  80-f)  appears 
quite  olearly  even  in  the  differences  of  the  eye-pattern's  olousure.  Tho  eye¬ 
opening  oan  still  more  dose  as  indloated  in  Fig  8e-f  when  the  lndex-matohlng 
fluid  la  removed  from  the  oonneotor  joint  and  the  gap  width  set  then  to  maxi¬ 
mum  feedback. 


The  BER  oharao ter l atlas  under  various  feedbaok  oondltlons  made  adjustable 
at  the  connector  site  are  shown  in  Fig.  9.  The  results  pertain  to  the  CSP  laser 
diode.  One  observes  that  there  is  no  impairment  in  the  BER-performanoe  after  the 
transmission  along  30  km  single  mode  fiber  (Fig.  9e,d).  On  the  other  hand,  BER 
degrades  quite  rapidly  when  13  km  dispersion-shifted  fiber  is  employed  as  a 
transmission  medium  due  to  MPN  /22/.  In  that  partloular  oasa,  the  best  BER  value 
is  limited  to  10"**  and  belongs  to  the  oase  of  having  no  optical  feedbaok  at  the 
oonneotor  Joint  (Fig.  9o).  Fig.  9a, b  refer  to  experimental  results  under  the 
condition  of  maximum  and  minimum  optloal  feedbaok  as  seleoted  at  the  oonneotor 
Joint.  One  order  of  magnitude  improvement  in  the  BER  seems  to  be  feasible  by 
properly  adjusting  the  oonnectorlsed  fiber  ends.  The  deterioration  in  the  BER- 
performanoe  manifests  itself  in  the  appearanoe  of  the  floor  characteristics  at 
high  average  optical  power  levels.  Suoh  a  behavior  and  espeolally  the  absolute 
value  of  BER  at  high  optloal  power  levels  is  predominantly  oreated  by  two  laser 
parameters:  the  MPN  k-faotor  and  the  width  of  the  speotrum  envelops  of  the  time 
averaged  speotrum  providing  all  other  relevant  system  parameters  (dispersion 
and  length  of  the  fiber,  data  rato)  being  kept  oonstant.  Slnoe  both  vary  with 
optloal  feedbaok  so  does  simultaneously  the  saturation  value  of  BER  also.  Using 
the  expression  relating  the  power  penalty  to  Q  as  defined  in  /23/  the  saturation 
value  for  Q  designated  as  Qa  may  straightforwardly  be  rewritten  as 


Oj  ~ 


1 

k  cr* 
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The  Inverse  proportionality  of  Q.  on  9^ suggests  that  asymptotic  error  rate  value 

O 

Is  more  dramatically  determined  by  the  speotral  width  than  by  the  k-faotor. 

Both  quantities  are  susoeptlble  to  optioal  feedback.  Measurements  indloate  that 
the  ,k-faotor  as  evaluated  by  the  atatlstioal  sampling  method  /24/  lnoraases  by 
up  to  30  %  depending  on  the  amount  of  the  optioal  feedbaak  from  the  oonneetor 
/ 1 0/ .  Under  similar  experimental  conditions,  the  lasing  spectrum  broadens  by 
approximately  40  %.  An  alternative  method  for  the  determination  of  the  MPN  k- 
faotor  oonsista  as  can  bs  seen  from  equation  (7)  in  measuring  both  the  speotral 
width  and  the  Q-value  in  a  system  under  real  operating  conditions  /10 , 25/ • 

NEAR-END  INFLUENCE  OF  OPTICAL  FEEDBACK  ON  BER  DEORADATION 

Slnoe  the  optioal  speotrum  width  of  a  laser  diode  Is  influenoed  by  the 
near-end  reflections  BER  degradation  resulting  from  suoh  changes  will  be 
expeoted. 

In  order  to  Judge  the  lnfluenae  of  various  ooupllng  optlos  on  BER  impair¬ 
ment  three  ooupllng  struoturea  have  been  chosen  and  quantitative  BER  measure¬ 
ments  performed.  The  following  coupling  arrangements  have  been  looked  ati  the 
drawn  fiber  taper  with  a  fused  lens  and  a  fiber  with  a  QRINF-lens  both  of  oom- 
parable  ooupllng  efflolenoies .  For  comparison  purposes  BER  measurements  with  a 
butt-ooupled  fiber  have  also  been  done  using  the  dispersion-shifted  fiber  In 
every  oase. 

Fig.  10b,d  show  the  BER  oharaoteriatios  versus  the  average  reoelved  optioal 
power  for  the  fiber  taper  with  a  lens  and  the  ORINF-lens,  respectively.  At  least 
for  modulation  rates  up  to  678  Mblt/s  the  improvement  in  favour  or  QRINF-lens 
Is  not  so  remarkable.  No  measurable  BER  degradation  have  been  produoed  by 
slightly  traversing  (few  multiples  of  A.0/2)  the  fiber  lens  along  the  axial 
direction  for  both  ooupllng  arrangements.  Relatively  low  back  reflections  ror 
the  two  ooupllng  teohnlques  are  held  responsible  for  this  result  under  that 
speoifio  modulation  rate.  On  the  contrary  for  the  butt-coupling  oase  the  satu¬ 
ration  value  of  BER  strongly  depends  on  laser-fiber  alignment  dlstanoe  and  le 
explainable  by  the  heavily  pronounced  Fabry-Perot  fluotuations  superimposed  on 
the  axial  alignment  tolerance  plot.  Choosing  the  laser-fiber  dlstanoe  so  that 
the  fluctuation  is  adjusted  to  maximum  or  minimum  the  corresponding  BER  curves 
ore  shown  In  Fig.  10a  or  Fig.  10s,  respectively.  One  order  of  magnitude  Improve¬ 
ment  Is  attainable.  Displaolng  the  fiber  by  AQ/B  for  lnstsnoe  from  the  maxi¬ 
mum  tho  resulting  BER  plot  is  depioted  in  Fig.  10o. 

CONCLUSION 

The  system  oharaoterlstlos  of  a  678  Mblt/s  single-mode  fiber  optlo  trans¬ 
mission  link  operating  at  1.3  ^um  are  evaluated  for  various  ooupllng  arrange¬ 
ments  and  under  different  near-end  and  far-end  optioal  feedbaok  oonditlons.  In 
order  to  Judge  any  ooupllng  optioa  regarding  its  optioal  feedbaok  a  simple  ex¬ 
ternal  resonator  model  has  been  used  to  quantitatively  speolfy  the  near-end  re¬ 
flections  in  a  new  and  experimentally  easy  varifyable  manner.  The  experimental 
results  agree  quite  well  with  the  theoretloal  predictions.  Speotral  variations 
l.e.  oenter  wavelength  shifts  and  speotral  envelope  broadening  due  to  the  ad¬ 
justable  near-end  reflections  for  distlnot  ooupllng  sohemes  have  been  measured. 
Their  implications  on  the  syetem  performance  i.e.  the  BER  oharaoteristlo  have 
been  exporimen tally  evaluated  for  13  km  highly  dispersive  single  mode  trans¬ 
mission  link.  The  highly  dispersive  single  mode  fiber  In  oomblnation  with 
1,3  /Urn  laser  diodes  has  been  employed  to  simulate  fiber  optlo  transmission  In 


the  1)55  ^um  wavelength  region  where  laser  mode  partition  noise  beoomes  parti¬ 
cularly  dominant  on  attainable  repeater  spacing*  Moreover,  far-end  reflections 
ooourlng  at  the  laser's  nearest  oonneotor  Joint  and  being  made  adjustable  may 
also  degrade  the  overall  link  properties.  Quantitative  BER  measurements  for 
various  far-end  feedbaok  oondltlon  have  been  oarrled  out  using  the  highly  dis¬ 
persive  single  mode  fiber.  One  order  of  magnitude  BER  differenoe  between  maximum 
and  minimum  feedbaok  setting  Is  resllsabls.  Ths  system  measurements  hsve  been 
additionally  eooompllshed  with  various  lasar  dlods  atruotures  (BH>  CSP  and  MCRU) 
resulting  in  no  favourable  differenoe  regarding  both  their  eenaitlvlty  to  optl- 
oal  feedbaok  and  their  implications  on  system  degradation  betwsen  any  of  them  at 
least  at  that  speoiflo  modulation  rate. 

After  implementing  30  km  of  non-hlghly  dispersive  single  mode  fiber  into 
the  system  no  BKR  degradation  have  bean  observed  oompsrsd  to  the  5  a  fiber 
length  at  678  Mbit/s  data  rate  nonwithstanding  any  nsar-  and  far-end  optioal 
feedbaok. 
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SoHoiablo  rapraaantatlon  of  laaar  dloda  oouplad  to  a  taparad  haraiapharioal  flbar 
and  for  analysing  tha  naar-and  optical  faadbaok  affaota.  r.,  r2  and  r  ara 
tha  powar  raflaotlon  ooaff Iolanta  of  tha  laaar  mirror,  flbdr  Ians  and  iffaotlva 
raflaotlvl ty  of  tha  axtarnal  pasaiva  raaonator,  raapaotlvaly .  R.  and  d  daslg- 
nata  tha  flbar  lana  radlua  and  axtarnal  raaonator  langth,  raapaotlvaly. 


ialouTatad  faadbaok  afflolanoy  aa  a  funotlon  of  tha  axtarnal  raaonator 
langth  d  for  a  SM-flbar  with  a  fuiad  apharloal  lana  (Fig.  3a),  a  tapar  with  a 
hlgh-indax  lana  (Fig.  3b)  and  SM-flbar  with  a  aplioad  hamlapharioally  andad  01- 
flbar  lana  (Fig.  3a).  Tha  typloal  optimum  coupling  dlatanoaa  axparlmantaliy  ob- 
talnad  ara  markad  by  alrolas. 
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Fiber  core  StWIber 


Fined  HIpMndii  8pMe«d  OI*(lb«r  with 

spherical  line  spherics!  lint  sluisd  hsmliphsrlesl  lint 

•)  b)  e) 


amatlo  representation  of  the  Investigated  coupling  soherae*. 


a)  drawn  flbar  tapar  with  fund  spharloal  lana 

b)  drawn  flbor  tapar  with  high-index  apharioal  lana 

o)  SM-flbar  with  spllood  hemiapheriaelly  andad  Ql-flbar  lana 


Fig.  H 

Measured  ooupllng  afflolarioy  varaua 
axial  allgnmant  alatanoa  d  for  1  - 
drawn  flbar  tapar  with  fused  spharl¬ 
oal  lana  and  2  -  heminpherloally 
andad  az-flbar  lana.  l'ha  lnaata  de¬ 
nonstrata  tha  corresponding  differ¬ 
ences  In  tha  power  fluctuation  due 
to  the  external  Fabry-Parot  effect. 


Can  ter  wavelength  shifts  and  enve¬ 
lops  broadening  of  tha  optical  speo- 
trura  as  a  funotlon  of  tha  external 
oavlty  length  for  a  MCRW  laser  diode 
butt-coupled  to  a  SM-flbar.  The  stars 
denote  the  shift  of  tha  center  wave¬ 
length. 
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Fig.  7o 

o)  W  noli*  speotrum  for  total  powar  (all  nodes)  after  transmission  along  13  km 
of  highly  dispersive  SM-flber  but  with  Index  matohlng  fluid  In  the  oonneotor 
Joint. 


alaatrioal 


optical 


Eye-diagrams  (upper  row)  and  the  corresponding  HF-speotra  of  total  light  output 
under  various  experimental  oonditlon^.  (a-b)  and  (o-f)  depiotu  the  results  for 
30  km  non-diaparslve  and  13  km  strongly  dispersive  SM-fiber.  (e-d)  refers  to  no 
'reflection  at  the  oonneotor.  (e-f)  as  (o~d)  but  with  an  nptioal  feedback  at  the 
oonneotor  set  to  maximum.  The  rasults  pertain  to  a  C9P  laser  diode  100  %  depth- 
modulated  at  670  Mbit/s  and  1.2  l..blus  ourrent. 
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DISCUSSION 


S.Walker,  UK 

(1)  Have  you  performed  any  experiment  with  anti-reflection  coated  fibres?  (2)  Have  you  performed  coupling 
experiments  with  DFB  lasers. 

Author's  Reply 

(1)  We  have  not  considered  anti-reflection  coatings.  (2)  No  work  with  DFB  lasers  has  been  performed. 


B.Schw*derer,  Ge 

You  showed  the  tolerances  (coupled  power)  of  axial  distance  between  laser  and  GRINF-lensed  fibre.  Can  you  comment 
on  the  tolerance  of  lateral  adjustment? 

Author’s  Reply 

The  lateral  alignment  tolerances  for  the  GRINF-lensed  fibre  are  in  the  same  range  as  for  a  fibre  taper  with  a  fused  lens. 
This  means  lateral  misalignment  of  about  ±0.5  pm  decreases  the  coupling  efficiency  approximately  1  dB. 


H.Lefevre,  Fr 

What  is  tlte  beatlength  of  flic  grated  index  fibre  used  as  a  lens? 

Author’s  Reply 

1  mm  which  leads  to  250  pm  length  for  X/4  lens. 
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ABSTRACT 


The  practioal  application  of  lithium  niobata  Integrated  optioal  device*  In  the  savers  military 
anvlronaanta  that  will  t*  experienced  by  t.ha  flbta  optic  pyroacopa,  raqulraa  tha  davalopmant  of  a 
ohaapi  afficiant  and  rouuat  maana  of  interconnecting  optical  f lbraa  and  intagratad  optical  chlpa. 

Ona  taehniqua  for  fibrn  to  chip  coupling  Which  wa  hava  rar.antly  raportad,  la  tha  uau  of  ion-millad 
alignmant  groovaa  in  tha  Lithium  Niobata  aubatrata  to  acourataly  locate  tha  flbra  and  with  tha  and 
of  tha  wavaguida,  Tnla  taehniqua  uaaa  a  photolithographic  process  for  tha  moat  praoian  alignmant 
atagaa  and  la  tharafora  amanabla  to  maaa  production  and  automation. 

Efficient  coupling  of  light  haa  bean  ebaarvad  batwaan  optical  fibre*  chemically  etched  to  a  dlamatar 
of  about  tan  microns  and  Wavaguldaa  formad  by  tha  lndlffuitlbn  of  titanium.  Tha  uaa  of  ohamioally 
atohad  optical  fibraa  and  ion-milled  groovaa  allova  a  high  packing  danalty  of  chlp/flbra 
connection!,  offaring  space  aavlnga  In  taroa  of  device  langtha  aa  wall  aa  lateral  separation. 

Results  era  presented  for  tha  coupling  of  light  to  intagratad  optical  wavaguldaa  from  high 
birafrlnganoa  optical  fibraa  ualng  ion-millad  alignment  groovaa,  and  tha  dagran  of  polarisation 
praaarvatlon  achieved  will  ba  related  to  tha  performance  of  intagratad  optical  phaia  modulators, 


Tha  practical  application  of  channel  waveguide  intagratad  optical  devices  in  lithium  niobatu  and 
other  aubatrataa  will  require  rugged,  reproducible,  low  loss,  inexpensive  coupling  between  .'fibraa 
and  wavaguldaa.  Low  loa*  coupling  can  ba  achieved  by  tha  butt  coupling  technique1  which  raqulraa 
tha  micro-alignment  of  tha  pcllahad  flbra  with  the  poliahad  and  face  of  the  wavaguida,  However, 
thia  arrangement  la  not  vary  rugged,  it  la  unsuitable  for  multiport  davioan  and  it  involves  tha  time 
consuming  and  coatly  micro-manipulation  of  tha  joint  by  a  at 11 lad  operator.  Tha  uaa  of  silicon  V 
grooves1  permit*  repeatable  multiport  coupling.  However,  there  is  still  a  requirement  for  a  manual 
micro-alignment  stage. 

An  alternative,  more  attractive  coupling  taehniqua  using  alignmant  groovaa  in  tha  a ana  aubatrata  aa 
tha  wavaguida  waa  proposed  by  Andonovic  at  al3,  Tha  groovaa  of  similar  dimensions  to  and  praclaaly 
aligned  with  tha  wavaguldaa  (Tig.  1)  are  fabricated  through  a  mask  defined  by  oonvantional 
photolithography.  Coupling  la  achieved  by  inserting  an  atchad  fibre  into  tha  groove.  In  this 
taehniqua  tha  precision  alignmant  it  achieved  at  tha  photolithographic  stage.  Hence  tha  technique 
la  repeatable  and  tha  effort  and  praoiton  of  manipulation  required  at  tha  wavaguida  coupling  a tags 
la  oonaidarably  leas  than  for  tha  butt  coupling  technique  thua  reducing  fabrication  coatu, 

Additional  advantages  of  tho  ion-millad  groove  technique  include  ita  compatibility  with  multi-port 
flbra  to  chip  coupling,  its  potential  for  automation,  Its  ability  to  achlava  high  lataral  packing 
dansitlaa  and  ita  thermal  and  mechanical  stability  since  the  fibre  la  euppctW  by  tha  substrata  on 
which  tha  wavaguldaa  are  fabricated. 

Standard  single  mods  telecoms  fibre  to  wavaguida  joints  hava  bean  made  by  tha  ion-millad  groove 
technique  and  losaaa  (including  Iraanal  loss)  from  tha  input  flbra  to  tha  wavaguida  output  of  3.1dB 
hava  bean  achieved4.  Many  Intagratad  optic*  device  applications,  however,  require  tha  uaa  of  high 
birafrlnganoa  flbra  with  praaarvatlon  of  a  aingla  polarisation  atats  throughout  tha  system.  Thia 
paper  reports  tha  coupling  of  a  high  birafrlngant  fibre  to  a  wavaguida  by  an  ion-millad  groove 
technique.  Aapeata  diaouaaad  include  flbra  preparation,  groove  fabrication,  fibre  to  chip  coupling 
and  tha  dagraa  of  polarisation  praaarvatlon  in  relation  to  tha  obaarvad  performance  of  a  phaa* 
modulator  addressed  by  high  blrcfringant  fibre. 
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FIBBE  PREPARATION 

Preparation  of  th#  high  birefringence  fibra  involve*  it«  etching  to  a  auiteble  geometry  (lO-lSym 
croae-eectlon)  for  Insertion  Into  tha  ion-milled  groove  and  tha  subsequent  poliahlng  of  lta  and 
faca.  Tha  cladding  of  high-blrafringant  fibra  la  inhomoganaoua  and  preliminary  experiments  with 
Hydroflourlo  acid  atohaa  ravaalad  a  larga  atoh  rata  difference  batwaan  tha  heavily  dopad  itraae- 
lnduolng  rag Iona  of  tha  cladding  and  thalr  surrounding*.  Thla  resulted  In  pvafarantlal  etching  and 
final  fibre  geometries  which  wara  not  aultabla  for  coupling.  Howavar,  It  waa  found  that  tha  atraaa 
Inducing  (bow-tia)  raglona  wata  atchad  In  prafaranca  to  thalr  aurroundlnga  by  40%  diluted  HP  (Pig, 

2)  wharaaa  tha  aurrounding  cladding  waa  preferentially  atchad  by  Iaoforn  buffered  HP  (la. 
HF+NHqFXFlg.D.  Further  atudiaa  than  damonitrated  that  with  an  atoh  contiating  of  6Q-70X  by 
volume  of  SOX  diluted  HP  and  Iaoforn  buffered  HP  the  atoh  rataa  of  tha  two  dlatlnct  cladding  region* 
wara  aufflciantly  ainilar  to  product  a  aultably  ahapad  fibra,  Plgura  4  Uluatrataa  tha  pollahad  and 
faoa  of  an  atchad  down  high  blrafrlnganoa  fibra  an bedded  in  Tan  wax  within  a  capillary, 

Maaaurananta  on  auch  fibre*  ahowad  an  additional  loaa  of  0.4dB  aaioclatad  with  the  atchad  down 
region  and  a  reduction  of  tha  polariaation  extinction  ratio  of  BdB,  Thi*  dapolarliation  could 
rapraiant  either  a  icattaring  batwaan  node*  (tone  of  which  may  ba  oauaad  by  dirt  on  tha  fibra)  or  a 
loaa  of  birefringence, 

CHOOVB  FABRICATION 

Tha  groovaa  in  tha  lithium  niobata  wara  fabricatad  by  argon- ion -milling  through  a  20pm  thick 
polyimide  mcak  which  haa  baan  appropriately  patterned  by  reactive  ion  etching  in  oxygen.  Tha 
polylmida,  dissolved  20X  by  weight  in  an  acatophanona/xylana  mixture  (l.S&il  by  volmaa)  la  apun  at 
2000rpa  to  produce  a  20pm  thick  film,  After  drying  at  130*0  for  0,3  hours  and  than  at  230*C  for  1 
hour  tha  polyimide  la  croaa  linked  by  curing  at  330* C  for  1.3  huura.  Appropriate  maaklng  of  tha 
polylmida  with  aluminium  la  than  achiavad  by  atandard  optical  photolithography  and  wet  chemical 
etching,  Tha  polyimide  maak  for  tha  argon  ion-milling  procaa*  la  than  oraatad  by  oxygen  raaotlv* 
ion  etching,  Tha  aniaotroplc  nature  of  thla  etching  prooeaa  anauraa  that  tha  wall*  of  the  polylmida 
era  vertical  (Pig.  3), 

For  tha  argon  ion-milling  of  tha  LINbOq  it  waa  found  that  an  atoh  rata  of  AOnm/eln  could  be  obtained 

with  a  lkaV  beam  et  a  aurfaca  currant  danalty  In  tha  range  of  0. A- 1.0mA/ cm1.  Under  thane  condition* 

vertical  aid*  walled  groovaa  up  to  a  depth  of  13pm  can  ba  produced  In  th*  lithium  niobata 

(Pig,  6).  It  should  ba  noted  that  good  control  of  th*  groove  dimensions,  particularly  tha  depth,  In 

relation  to  tha  atchad  down  fibre  dlmentlon*  ia  required  if  accurate  low  loaa  alignment  ia  to  ba 

aohiavad. 

EIMI-Ift.  MAYMUM  .swung 

Waveguide*  fabricatad  in  *-out  lithium  niobata  by  indiff union  of  turn  wld*  by  700A  thlok  titanium 
atrlpaa  at  1030*0  for  t  houra  wara  used  to  make  all  of  th*  fibre  to  ahip  coupling  masauramenti ,  it 
waa  found  that  tha  loaa  aaaoclatad  with  a  alngle  high  blrafrlnganoa  fibre  to  waveguide  Joint  mad*  by 
th*  lon-mlllad  groova  technique  waa  2.3dB  greater  than  a  standard  butt  coupled  joint.  York  HB 
1200/1  fibre  waa  uaad.  Th*  2,3dB  axcaa*  loaa  lnoludna  O.AdB  aaaoclatad  with  tha  atchad  down  fibra 
and  O.SdB  loan  raaultlng  from  tha  coupling  of  th*  avanaaoant  field  of  th*  fibre  to  th*  walla  of  tha 
groove,  it  la  believed  that  the  remaining  axcaa*  loaa  of  1.4dB  raaulta  from  mii-aUgnoant  aa  a 
raault  of  tha  groova  dlmanalon*  not  being  Ideal. 

AwIXYB  8Y8TBH  PBHP0HMANC1  -  POLAHISATION  BPPECTS 

In  a  "polariaation  oonaervlng"  blrafringant  fibra  optic  ayatam  incorporating  channel  waveguide 
lithium  niobata  integrated  optical  davlcaa  both  th#  unwanted  and  th*  wanted  polarisation  states 
contain  power  and  croaa  coupling  batwaan  atataa  occurs.  Owing  to  th*  strong  polarisation  dapsndanoa 
of  tha  phase  modulation  efficiencies  cf  integrated  optical  modulators  th*  power  frequency  content 
generated  In  each  state  will  ba  diftarant.  In  applications  requiring  control  over  tha  frequency 
spectrum  and  for  which  tha  detection  la  polarisation  waiictiva  (aa  in  tha  POO)  tha  coupling  of  power 
from  tha  unwanted  state  to  tha  aalactad  state  will  ba  a  aourca  of  error.  It  ia  therefore  nacasaary 
to  datarmlna  th*  powar/fraquancy  content  of  each  polariaation  stats  and  tha  dagra*  of  croaa  coupling 
batwaan  them. 

Tha  aotiva  test  ayatam  (Pig,  7)  at  Barr  (■  Stroud  enables  th*  study  of  th*  polariaation  affects 
diacuaaad  above.  Th*  ayatam  is  basically  a  Haoh-Zahndar  interferometer  ‘nominated  by  a  1.3um  beam 
from  a  NdiYAO  Laser  or  aaalconduotor  died*  laaar.  A  device  to  ba  tasted  la  mounted  in  ona  arm  of 
tha  intarfaromatar  and  addraaaed  by  high  blrafringant  (York  KB  120U/1)  fibra  (1  metre  long 
pigtails),  Alignment  of  tha  polarisation  axa*  of  th*  fibre*  and  tha  device  ia  aohiavad  by  iterative 
rotational  adjustments  of  th*  axaa  batwaan  croaaad  polar f sets  while  monitoring  tha  system  for 
minimum  output.  An  acouato-optlo  Bragg  o*U  in  th*  other  arm  of  tha  Intarfaromatar  translates  th* 
optical  frequency  by  BOMHa,  Tha  BOMHi  shifted  beam  and  the  modulated  device  output  via  tha  fibre 
are  mixed  on  a  beam  apllttar  and  focuaaad  onto  a  300HHa  InOaAaP  photo-diode,  Thi*  hatarodyna 
technique  allow*  th*  optloal  frequency  spectrum  of  tha  device  output  to  be  translated  to  an 
intermedia!*  lantr#  fraquancy  of  BOMHa  for  unambiguous  analysis  of  th*  oarriar  and  th*  poaltiva  and 
negative  sideband  level*  displayed  by  a  spectrum  analyser . 

The  incorporation  of  half  wave  plata/polariaar  combination  in  th*  reference  arm  and  th*  50dB 
extinction  ratio  polarlaar  at  th*  fibra  output  ftcllitataa  th*  examination  of  tha  power/fraquanoy 
content  of  th#  TX  or  th#  TM  polariaation  state  of  th#  ayatam.  Although  th*  ua*  of  linear 
polariaation  discriminators  relate*  diraotly  to  most  practical  application*  it  ihould  ba  remembered 
that,  a Inca  th*  polariaation  atataa  of  a  blrafringant  wavaguld*  ara  not  linear,  maaiurtaient*  mad* 
with  th*  ipparatua  described  abov*  ara  a  worst  case  approximation  of  th*  true  diacrimination  batwaan 
th*  waveguide  polarisation  mod**  of  th*  ayatam. 
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Figure*  8-10  show  frequency  spectra  ganarated  by  an  integrated  optical  phaaa  modulator  undar  taat 
In  tha  apparatui  described  abova.  Th«  waveguide  of  tha  modulator  waa  fabricatad  In  a -cut  lithium 
nlobata  by  tha  Indiffuaion  of  an  Sum  wide  by  700  thick  titanium  atripa  at  10SQ*C  for  6  hours.  Tha 
alactroda  gap  was  Apm.  Elactro  optic  figuraa  of  mar it  for  tha  TM  and  TB  modaa  wara  measured  at  2. A 
Vcm/radian  and  13.2  Vcm/radian  raapactlvuly-  figuraa  8  and  9  which  ara  spectra  for  tha  TM  moda 

damonstrata  graatar  than  SSdB  and  A5dh  aupproislona  (ralativa  to  tha  carrier  powar)  of  tha  firat  and 

■aoond  harmonica  raapnctivaly.  Such  aupprasalont.vara  obtainad  by  application  of  sina  wave  phaaa 
swsaps  for  which  tha  Baaaal  function  coafficanta  of  thaia  harmonica  ara  taro.  Tha  lavala  of  tha 
•uppraiaiona  wara  found  to  bn  inaansitiva  to  changaa  of  t  1'  in  tha  aligrwant  of  tha  input  fibra 
polarisation  axis  to  tha  chip  axaa.  from  thaaa  results  it  can  ba  concluded  that  the  cross  coupling 
of  the  frequency  components  ganaratad  by  modulation  of  tha  TB  carrier  level  within  tha  chip  into  the 

TM  moda  contributes  unwanted  powar  to  the  levels  of  tha  first  and  second  TM  side  bands  of  leas  than 

-SSdB  and  -ASdB  respectively  relative  to  tha  TM  carrier  powar.  Residual  levels  of  suppressed 
harmonics  will  also  include  contributions  from  amplitude  modulation. 

figure  10  la  tha  frequency  spectrum  of  the  TB  mode  whan  a  sine  wave  modulation  is  applied  such  that 
suppression  of  tha  first  order  TM  harmonics  la  observed  as  in  figure  8.  The  lower  level  of  the 
first  harmonics  in  relation  to  tha  other  components  in  tha  spectrum  of  figure  10  suggests  that  tha 
TB  power/ frequency  content  predominantly  results  from  coupling  from  the  TM  mode  and  not  from 
modulation  of  the  TB  carrier  within  the  device.  After  adjustment  to  account  for  the  relative 
sensitivities  of  the  test  system  to  TB  and  TM  polarisation  states  the  levels  of  the  TB  harmonics 
other  than  tha  first  were  determined  to  be  approximately  20dB  down  on  the  corresponding  TM 
harmonics.  This  is  in  good  agreement  with  an  independently  measured  TM  to  TB  ratio  of  23dB  at  tha 
output  fibre  for  TM  carrier  launched  via  a  SOdB  polarisation  discrimination.  This  measuresmnt 
reflecting  the  polarisation  cross  coupling  waa  made  for  the  unmodulated  carrier  using  a  second  SOdB 
polariser  and  s  Photodyne  optical  powar  mater. 

•mumm 

A  Joint  between  a  high  blrefringant  fibre  and  a  waveguide  has  been  made  by  the  ion-milled  groove 
technique  and  has  desMnstratad  a  loss  of  2.3dB  in  excess  of  a  butt  coupled  Joint.  This  early  result 
it  very  encouraging  and  has  established  the  feasibility  of  the  ion-milled  groove  coupling  technique 
to  make  joints  using  high  birefringence  fibra.  In  addition  it  has  boon  demonstrated  that  useful 
measureswnts  of  the  power/ frequency  content  of  both  the  orthogonal  modes  of  a  blrefringant 
fibre/ integrated  optical  system  can  be  Blade  with  the  apparatus  described.  Such  measurements  are 
invaluable  to  the  determination  of  interference  effeuts  on  signals  resulting  from  tha  unwanted 
polarisation  stat.i  of  a  given  system. 

Interference  affects  on  a  TM  carried  signal  resulting  from  modulation  of  TB  carrier  within  a  phase 
modulator  have  been  measured  to  be  leas  than  -SSdB  and  -ASdB  relative  to  the  TM  oerrler  for  two 
epeaifle  modulation  conditions, 
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rig. 2  High  Blrafrlngant  Ftbra  atchad  by 
40%  d llut ad  HF 


Fig. 3  High  Blrafrlngant  Flbro  «tch«d  by 
laoform  Buffarad  HP 


Fig. 4  Poliahad  Endfaca  of  atohad 
High  Blrefrlngancu  Flbra 


Fig. 3  Polyimlda  Haak 


Fig. 6  Ion  Baam  Hlllad  Oroova 
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Ft 7  SCHEMATIC  DlAERAM  OF  ACTIVE  DEVICE  TEST 


rig.B  Output  rriquoney  Spoetrum  of  tho  phoio 
modulotor  drlvon  by  *  7»7  r*dl*\ip,!..l. 
to  pook'J  Slnowovo  photo  ouoop.  Tho  toot 
•vi ton  lo  TM  iiloetlvo. 


Fto.H  Output  Friquoncy  Spictrum  of  thi  phoio 
modulotor  drlvon  by  o  10»3  rodlon  (pook 
to  piok)  Stnowovo  phooo  iwnp.  Thi  tut 
■  yitcm  li  I'M  Mloctlvo. . 


ri|.10 


Output  rroquonoy  Spoetrum  of  tho  phoi# 
modulotor  drlvon  by  o  7*7  rodlon  (po*k 
to  piok}  Slttowovi  phoio  iwoip.  Thi  tut. 
lyitim  li  T*  itloctlvi. 
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DISCUSSION 


G.WInzer,  Ge 

I  didn't  understand  how  you  are  doing  the  vertical  adjustment  of  the  fibre  in  the  UNbOj  crystal;  is  this  by  control  of  the 
etching  time  and  what  is  the  etching  rate  in  this  case? 

Author’s  Reply 

Yes.  Optimization  of  the  fibre  position  is  by  control  of  the  various  etch  parameters.  Ion  milling  to  better  than  5  per  cent. 
The  fibre  diameter  is  easier  to  control. 


H.Lefevra,  Fr 

Did  you  perform  temperature  test  of  your  coupling  method? 


Author's  Reply 

No. 


NON  LINK  AH  PLANAR  GUIDED  WAVE  INTERACTIONS  AND  DRVICRS 
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G,  I*  Stwgeoen  and  C,  T,  Suaton 
Optical  Science*  Cantar 
Univeraity  of  Arlaona 
tucaon  Arlaona  85721 

H.  G.  Winful 

G>  T.  E.  Laboratoriea  Inc. 
Waltham,  Haaaaohuaatta  02234 


80NMART 

A  varlaty  of  epplleatlona  of  third-order  nonlinear  integrated  optica  to  optical  algnal  procmiing  are 
dlacuaaad.  Thaaa  Include  guldad  wave  davleaa  baaed  on  an  intensity-dependent  refractive  index  auch  aa 
upper  and  lower  threahold  davleaa,  all-optical  twitching  davleaa,  all-optical  Modulation  davleaa,  optical 
logic,  and  optical  blatablllty.  Multiple  wavaforne  nixing  with  degenerate  four-wave  nixing  to  produce 
algnal  convolution  and  tine  lnvaralon  on  a  pieoaecond  time  ecala  era  alao  dlacuaaad. 


1.  INTRODUCTION 

The  currant  rapid  daploynant  of  fiber  conaunlcatlona  ayetene  neene  that  lnfornatlon  will  aoon  ha 
trananlttad  almoat  totally  on  optical  wavaforat.  At  preeent,  the  atandard  node  of  operation  for 
procaaalng  lnfornatlon  la  to  detect  the  light  with  large  bandwidth  deteetora,  thue  converting  the 
lnfornatlon  to  electrical  algnala  for  eubeequent  procaaalng  in  the  eleetronloe  donaln.  If  further 
trananiaalon  la  nacaaaary.  the  lnforaatlcn  la  recorded  onto  optical  wavaforna  by  feat  Modulator*  and  again 
coupled  Into  optical  flbare.  Thla  node  of  operation  la  adequate  aa  long  aa  a}  the  data  rata  la  not  too 
high  to  tax  the  bandwidth  of  the  elactronlce  and  of  the  ayatan  or  b)  Jannlng  of  the  communication*  ayatom 
by  aleotronagnatlc  Interference  li  not  a  potential  haaard.  A  natural  axtanalon  of  fiber-optic 
connunlcatlona  would  be  to  parfbrn  the  algnai-proceaelng  operatlona  totally  In  the  optical  donaln  and 
therefore  avoid  problena  with  reepeut  to  aloctrical  bandwidth  and  alaetronagnetlc  interference. 

A  vary  uaaful  aat  of  all-optical  algnai-proceaelng  operatlona  would  Include  a)  almpla  binary  logic 
gataa,  b)  twitching,  e)  Modulation,  d)  threeholdlng,  and  a)  convolution  (which  leadt  to  a  whole  fanlly  of 
other  procaaalng  functlona),  Thaaa  operatlona  can  be  baaed  on  the  Interaction  of  multiple  wavaforna  with 
one  another,  which  requlraa  the  praaence  of  an  optically  nonlinear  Material.  Nonlinear  Materlale  with 
very  faet,  probably  pieoaecond,  raaponea  tinea  ere  naeaaaary  to  procaae  high  data-rata  algnala  with  peak 
powera  determined  by  the  operating  lavela  of  aemlconductor  laaeva.  Although  the  "Ideal"  material  la  not 
currently  available,  encouraging  developmanta  have  occurred  in  the  materlale  area  in  the  laat  few  year*. 
Tor  all-optical  algnal  procaaalng,  It  la  alao  poaalble  to  utillie  the  matelve  parallalleu  available  in  all- 
optical  ayateme  eo  that  the  total  procaaalng  apead  nay  atlll  be  vary  high  with  materlale  whoee  raaponaa 
timet  nay  be  relatively  alow.  Thla  however  raqulraa  vary  feat  eerial-to-parallal  and  parallal-to-aerlal 
converalon,  and  very  accurate  clocking  to  implement  —  factora  whloh  nay  mitigate  agalnat  ualng  parallel 
procaaalng  In  an  Inherently  aerial  ayatem,  (Whan  the  information  being  proceaaad  la  already  in  parallel 
form,  for  axanple  inagaa,  tha  parallellen  can  be  better  exploited.) 

In  thla  paper  nonlinear  optical  phenomena  that  can  be  uaed  In  a  waveguide  format  to  implement  a 
number  of  optical  proceaelng  functlona  are  deacrlbad.  The  efficiency  of  any  nonlinear  interaction  dapende 
critically  on  tha  optical  power  denalty,  that  la,  power  par  unit  area.  Therefore  optical  waveguidae,  with 
their  Inherent  confinement  of  the  light  In  one  or  two  diaenalona  of  the  order  of  the  wavelength  of  light, 
provide  the  optimum  propagation  geometry  for  nonlinear  interaotlvna  In  general,  and  nonlinear  optical 
algnal  proceealng  in  particular,  furthermore,  aa  ahall  be  dieoueeed  here,  waveguide  gaonatrlea  alao  lead 
to  all-optical  elgnal-proceaalng  operatlona  that  have  no  analoga  in  plane  wave  proceaelng  ayateme, 

The  algnal  procaaalng  operatlona  dlacuaaad  hare  are  all  baaed  on  the  third-order  aueoaptlbillty  gO), 
which  Involvea  the  mixing  of  three  optical  fielded  This  interaction  producaa  the  nonlinear  polerlaatlon 
field 


■  •0X*3*lJkl*J<*,>*k*< v>8(“>  •  O) 

Note  that  for  the  algnal  radiated  by  K»)  to  be  at  the  ayatem  operating  frequency,  it  la  naoeeaary  to  taka 
tha  conjugate  of  one  of  tha  nixing  flalda  (which  alao  haa  repercueeione  for  the  final  wavevector 
aeaodated  with  tha  algnal  field.)  If  two  of  the  required  flelda  involve  the  product  of  an  incident  field 
with  Ita  own  complex  conjugate,  than  tha  phenomena  are  identified  with  an  intenelty-dapendent  rafraetlva 
Index.  That  la,  Including  the  linear  euaceptlblllty  term  (■  x^ii(w)*iU)]  ,  the  total  polerlaatlon  la  given 
by 


fi(«)  ■  «olX^ii  +  X<33ljjil*J<w)|2)  «i(w)  (2) 

Fl(w)  -  toino2  -  l  +  eagj | | *)  Bi(w)  (3) 

and,  aeaumlng  that  tha  optically  induced  change  in  tha  dielectric  conatant  la  amall,  the  quantity  in  tha 
aquara  bracketa  can  be  written  for  plana  wavaa  aa  an  intenaity-dapandant  refractive  index  of  the  form 


(4) 


n  ■  np  +  njYS 
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share  S  It  tha  local  lntanalty,  y  identifies  tha  medium  and  ay  ■  nT2ccon2y*  liquation  (1)  tndlcataa  that 
an  lnttnaa  field  aodlflaa  tha  refractive  lndax  of  a  madlum  aa  aaan  by  ltaelf,  aa  wall  aa  by  other  fialda. 

An  inteneity-dependant  refractive  lndax  affacta  tha  propagation  of  light  In  a  aadluii  In  two  waya. 
First,  changaa  In  tha  lndax  lead  to  changaa  In  tha  optical  wavavactor  k  of  light  in  tha  medium.  For 
axaapla,  if  an  optical  beam  ia  propagated  a  dlatanca  1  In  tha  madlum,  tha  powar-dapandant  phaaa  change  skL 
nan  be  tunad  through  t.  That  la  an  lntarfaranoa  or  phaia-matehlng  condition  nan  ba  changad  by  lnoraaalng 
tha  lntanalty  of  a  light  baaa.  Another  axaapla  la  tha  Bragg  condition  for  a  grating  that  nan  ba  tunad 
optically.  There  two  phanoaana  both  have  application!  to  all-optical  signal  processing  which  will  ba 
dlacuaaad  hara. 

Tha  aaplltuda  distribution  of  a  high-power  optical  flald  alao  changaa  with  propagation  dlatanca  in  a 
wavagulda  with  a  aadlua  characterised  by  an  lntanalty-dcpandant  rafractiva  index.  For  a  nonlinear  aadlua i 
tha  flald  distribution*  dapand  on  guldad  wav*  powar  which  In  turn  affacta  tha  wavagulda  cut-off  condition*. 
Furthermore,  If  both  aadia  bounding  a  thin  flla  that  guldaa  light  ar*  non  linear,  there  era  aultlpl* 
branch**  for  tha  guldad  wavaa,  a  feature  that  oan  b*  uaad  for  twitching.  Device*  baaed  on  that*  concapta 
will  b*  dlacuaaad  in  thle  paper. 

The  other  oaa*  of  lntaraat  bar*  for  all-optical  tlgnal  procaaalng  la  daganarat*  four-wav*  mixing, 
which  Involvaa  three  Input  wavaa  and  on*  output  wav*,*  Two  or  all  three  of  the  Incident  wavaa  oan  contain 
information  in  tha  form  of  tha  temporal  envelop*  of  tha  waveform*.  Therefor*  signal-practising  operation* 
era  obtained  In  which  waveforms  Interact  whan  they  paea  through  each  other.  A a  shall  ba  shown  latar, 
these  Include  signal  convolution  and  time  Inversion. 


1.  INTIMITY  DIPINMM1  FULD  N1NOMINA 

The  variation  In  gulda-wava  flald  dletrlbutlon  with  incraaalng  powar  lead*  to  algnal-procaaalng 
operation*  unique  to  guldad  wavaa.1  Tha  priaa  example  1*  that  uf  a  wavaguldlng  flla  bounded  on  on*  or 
both  aides  by  Karr-llk*  madia,  that  la,  madia  with  rafractiva  India**  given  by  ltq.  (1).  Tha  analyala  1* 
baliavad  to  ba  rigoroualy  correct  for  T!  polarlaad  guldad  waves,  hut  tha  TM  polarlaad  eaaa  la  still  tha 
subject  of  dabata  a*  to  the  appropriate  formulation/'1 

(a)  Nomllmmar  Gmldad  Nmv*  Thrmahold  Davloma 

Tha  geometry  of  lntaraat  haa  a  film  of  thickness  h  (0  <  a  <  h)  and  rafractiva  Index  ng,  a  nonlinear 
cladding  (0  <  a)  of  lndax  n0  and  nonlinearity  nja*  and  a  substrata  (a  >  h)  of  index  n,  (and  In  aom*  oaaaa 
nonlinearity  nj,).  For  a  nonlinear  cladding,  tha  flald  dlattlbutlon*  are®-® 

■yc(r)  -  +  cn,  nlo  >  0,  (S> 
and  _ 

M0  "  «2c  <  0,  (6) 

where  I  1*  tha  effective  guldad  wav*  Index,  ta  ■  u/c  and  q2  ■  |2  -  n02.  Tha  key  parameter  1*  ii,  which 
dapanda  on  tha  powar  of  tha  guldad  wav*.®-®  At  low  powers,  ai  ♦  »  and  tha  flilds  given  by  ltq*.  (5) 
and  (6)  daganarat*  Into  exponentially  decaying  fialda.  However  at  nigh  powers,  *i  daaraaaai,  and  for  tha 
aaif-focuaalng  oaaa  (nje  >  0),  »[  can  avan  bacon*  negative.  This  laada  a  flald  maximum  (a  ealf-focueaad 
flald)  In  the  nonlinear  medium  at  high  enough  powar  lavala.  For  tha  self -dafocuaslng  oaaa,  «]  again 
daoraaaai  with  Incraaalng  powar,  but  never  bacon**  nagatlv*  (and  hanoe  the  nonphysical  caa*  of  divergent 
fialda  doaa  not  occur).  The  powar  dependence  of  tha  flald  distribution*  oan  b*  uaad  to  implement 
threshold  devleaa,  both  upper  and  lower. 

It  la  wall-known®  that  tha  usual  powar-lndapandant  asymmetric  wavagulda  (n0  i  n.)  will  not  guide  the 
lowaat-ordar  TIq  node  below  a  certain  minimum  film  thicknsa*  hc,  As  the  flla  ttueknaaa  1*  dacraasad 
toward*  the  cut-off  thloknaaa,  I  ♦  n0  (assuming  nc  >  n,)  until  I  «  n«  at  cut-off.  However,  at  htgh 
powers,  tit*  lndax  of  the  cladding  medium  la  tncraasad  naar  tha  film-cladding  Interface  and  hanc*  I,  which 
la  tha  flald-walghtad  avarag*  of  tha  guldad  wav*  lndax,  can  ba  larger  titan  n0  at  thleknaaaaa  below  the 
cut-off  value.  Tit*  higher  tha  powar,  tha  thinner  tha  film  that  will  support  a  TKq  guldad  wave.  Therefore 
a  direct  relation  exists  batwaan  the  film  thleknsia  and  tha  threshold  powar  above  which  a  TKq  eolutlon  can 
b*  propagated,  luch  a  ayatam  acta  aa  a  minimum  powar  thraahold  device. 3  A  aampla  calculation  of  powar 
threshold  varaua  film  thlckntas  1*  shown  for  a  In S- baaed  wavagulda1  In  Kg.  1. 

If  tha  cladding  medium  exhibit*  a  aalf-dafocuiulng  nonlinearity  (non  <  0),  than  the  effective  lndax  of 
a  guldad  wav*  daetaaaaa  with  increasing  powar.  Therefor*,  for  a  wavagulda  above  cut-off  for  tha  Tin  wave, 
Increasing  powar  forces  tha  wavagulda  towards  and  eventually  below  cut-off  (that  li  |  *  n0).‘"  Tha 
further  tha  wavagulda  la  Initially  abava  cut-off  (that  la  tha  thicker  the  Initial  film  thloknaaa),  tha 
larger  tha  powar  required  to  cut  off  tha  Tin  wave.  Detailed  calculations1  for  this  affect  ara  shown  in 
Kg.  2. 

Ha  axpact  that  auch  threshold  devices  oan  ba  uaad  either  In  an  end-fir*  (Kg.  3n)  or  a  linear- 
nonllitaar-llnaar  wavagulda  geometry  (Kg,  3b).  In  both  oaaa*,  wave  powar  trsnamlttad  by  the  thln-fllm 
wavagulda  will  b*  tha  daalrad  signal.  Ona  of  the  attraotlva  feature*  of  such  davloas  is  that  the  fields  of 
lntaraat  are  established  at  tha  first  transvara*  boundary  at  which  tha  nonlinear  madlum  la  encountered. 
It  la  however  nacaaaary  to  atrip  of  tha  unwanted  fialda,  such  a*  radiation  mods*,  and  propagation  distances 
of  tan*  of  wavelengths  will  b*  required.  Nevertheless,  device*  that  require  only  tans  of  micrometer* 
should  ba  possible. 
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Tha  thraehold  device*  described  above  hava  not  yat  baan  Implemented.  Tha  characteristic  faaturaa  of 
tha  fialda  dlacuagad  above  hava,  howavar,  baan  demonstrated  experimentally  for  othar  geometries.11*1* 


FIs.  1.  Tha  out-off  power  abova  which  lha  T*o  wave  oan  Flfl, 
ba  propeg  eted  venue  film  thlekraaa  for  a  nonllnaar 
self- toe  lasing  Zn»  cladding  medium.  Tha  Inaat 
ahowafha  variation  In  effective  Index  »  with  guided 
wave  power  for  a  film  Ihlohneee  of  0.2  pm. 


2.  The  maximum  Tig  fiuldad  wave  power  which  oan  ba 
propagated  venue  Index  difference  between  the 
film  and  nonlinear  0aAa>0aAIMAa|.M  cladding. 
Inaat  la  the  effective  Index  versus  guided  wave 
power  for  nf  ■  3.99  and  film  thlehnaea  of  1.07  urn. 


fly.  3.  Method*  for  amltlng  nonlinear  guided  wavae  with  threehold  oharaoterlattce.  a)  Ind  fire  excitation,  b\  (xeltahcn  by  a  linear 
guided  wave  Incident  onto  a  trenaveraa  boundary  between  a  linear  and  nonllnaar  waveguide, 


(b)  Moalleear  Guided  Have  Iwitahlag 

Wevee  guided  by  a  thin  file  bounded  on  both  tides  by  self-focussing  uedla  alio  exhibit  oharaotetlatloe 
that  appear  pvoalelng  for  all-optical  switching. M  laaad  on  the  prevlnut  dltcueelon,  at  high  power*  one 
might  expect  field*  that  are  aalf-foouaead  In  either  of  the  two  nonllnaar  madia  or  In  both,  Multiple 
•olutlon*  tie  obtained  for  tha  caae  when  both  bounding  modle  have  ealf-fooueelng  nonllnaarltlae.  Tha 
detelle  depend  on  tha  relative  veluee  of  nB  end  na,  end  njj0  end  nja.  It  preaent  It  la  "'ot  clear  whether 
all  of  that*  solutions  ar*  etabl*.  Mavarthalaea  enough  of  the  branch**  ehould  be  etebla  for  ell-optleel 
•witching  to  ba  possible. 

W*  conelder  flret  tha  Tig  oeee  n0  -  n,,  but  With 
unequal  nonllnaarltlae,  that  la  n2.  >  nja,  Tha 
•olutlon*  fall  on  two  dlatlnot  branohoe,  aach 
chiractarlead  by  lte  own  field  distributions,  that  le. 

•elf-foeueelng  in  dlffarant  madia  at  high  power*. 

The  example  in  Pig.  la  Include*  an  eitlmeta  for  the 
guided  wave  low*  In  terae  of  tha  Imaginary  component 
of  p>  Tha  curves  (in  order  ot  Increaelng  I  in  the 
eeyaptotlc  Hall)  oorreepond  to  aalf-foousslug  in  the 
medium  with  the  hlgheet  nonlinearity  (ne),  In  the 
medium  with  tha  lowaet  nonlinearity  (na),  end  In  both 
madia.1 

K  poeeibla  response  of  thla  system  to  guldad 
wave  power  Incident  through  a  trenevaree  boundary 
(Pig.  jb)  it  shown  in  Pigs.  la  (dotted  line)  end  lb. 

Aa  tha  guldad  wave  power  le  Increased,  the  wave 
exalted  follows  the  lower  branch  until  It  reaohae  the 
uexlmua  vtlua  allowed  for  that  braneh.  Subsequent 
increase  in  guldad  wave  power  oan  only  ba 
accomplished  by  ewltohlng  tha  response  to  the  upper 
branch,  laeeuea  the  attenuation  of  tha  upper  branch 
le  larger  then  that  of  the  lower  branch,  this 
twitching  It  accompanied  by  an  Instantaneous  decrease 
In  the  signal  trtnealeelon,  ••  Indicated  In  Pig.  lb, 

U  tha  guldad  wava  power  It  now  decreased,  there  le  •  minimum  power  that  can  ba  euetalnad  by  the  waves 
corresponding  to  the  upper  branch.  Purthar  decraaea  in  guldad  wava  power  require*  twitching  to  the  lower 
branch,  with  again  a  subsequent  increase  in  guldad  wava  power  (becauee  of  raduood  attenuation) .  The  nut 
response  curve  clossly  resembles  that  of  a  bistable  loopi  thsra  are  two  stable  states,  and  which  state 
the  system  Is  In  depends  on  ths  previous  history  of  how  tha  light  was  guided. 


Ply,  4.  Real  (solid  line)  and  Imaginary  (dashed  line)  parte 
ot  the  effective  Index  I  venue  Tio  guided  wave 
power  tor  h  ■  2.0  um,  ru  •  1.97,  r»e  ■  1.99, 
e  |o  -  0.002,  n2e  ■  2x107  rf/W,  n,  «  1.99, 

•  |a  •  0.001,  end  nj!  •  KT®  m'vW. 
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If  tha  material  ayataa  in  charactarlxad  by 
nc  A  n,  and  by  n2c  A  n2»,  tha  resulting  two  branchaa 
become  separated,  and  than  la  a  range  of  power* 
ovar  which  guidad  wava  power  cannot  ba  tranaportad 
(aaa  Fig,  5a).  That  la,  whan  tha  guidad  wava  power 
Incident  onto  a  tranavaraa  boundary  (Fig.  3)  la 
lncraaaad,  tha  tranaalttad  x>w*r  remains  a  uonatant 
whan  tha  maxiaua  of  tha  lowar  branch  la  raaehad. 

Howavar,  whan  tha  power  exceed*  that  required  for 
excitation  of  tha  upper  branch,  h  witching  to  tha 
upper  branch  occur a  and  the  tranaalttad  signal 
tuddenly  lncraaaaa  (Fig,  5b).  Convareely  whan  tha 
guidad  wava  powar  la  dacraaaed  balow  that  which  can 
ba  auatalnad  by  tha  upper  branch,  tha  ayvtam  awitchaa 
to  tha  lowar  branah  end  a  auddan  dauraaaa  In 
tranaalttad  algnal  occura,  Thla  raaponaa  corraaprnoi 
to  all-optical  twitching. 

Interacting  poeaibllltlee  alao  axlat  for  tha 
■  witching  or  modulation  of  ona  light  baaa  by  another, 

Aa  Indicated  by  lq,  (4),  a  high  powar  guidad  wava  (for 
axaapla,  of  TB  polariaatlon),  altara  tha  apatlal 
dlatrlbutlon  of  tha  rafractlva  lndar  In  lta  vicinity. 

Therefore  tha  propagation  charactarlatlci  of  an 
orthogonally  polarlaad  TM  wava  are  alao  affacud. 

(Tha  change  In  rafractlva  Index  for  tha  TM  wava  will 
ba  laaa  than  that  of  tha  TK  wava  bacauaa  tha 
nanllnaar  affect  makes  tha  matorlal  optically 
anlaottoplc.)  For  a  aalf-foouaalng  nonlinearity,  a 
•trong  TK  wava  can  bring  a  TM  node  abova  out-off, 

Alternatively,  In  a  aalf-dafoouaalng  aadlua,  an  lnoraaaa  iiv  TK  powar  can  force  a  TM  wava  balow  cut-off. 
In  both  caaaa,  a  email  modulation  In  tha  TB  wava  can  produce  a  large  modulation  in  a  TM  wava.  Thla  alao 
laada  to  tha  (witching  of  one  optical  baaa  by  another. 


Fig.  5.  Tha  effective  Index  venue  TEq  guided  wava  power 
for  h  •  2,0  unt.  hf  »  1.57,  n«  «  1,36,  •  ic  ■  0.002, 
n2c  *  2x15"  1%  ■  1.33,  (|(  *  0.001,  and 

n£  •  10“®  «2yW. 


To  data,  no  axparlnanta  on  thin  fllme  bounded  by  two  nonlinear  madia  have  bean  reported. 


1 


1.  1MTKMITV  DKFKNDKMT  FMAtB  FHKNGMIMA 

Tha  curve*  ahown  In  Flga.  1,  2,  A,  an<*  3  exhibit  a  complicated  behavior  for  the  affective  index  I  with 
guidad  wava  powar,  Howavar,  at  l  >w  guided  wava  power*  tha  change  In  I  la  linear  with  power.'*  That  la, 

«  ■  #0  +  *»0*gw  (7) 

where  P|w  la  tha  guidad  wava  power  pat  unit  width  along  the  wavefront  and  Ain  can  b*  calculated  either 
from  thl  exact  theory,*  or  fror.  normal  mod*  analysis.1*  In  thla  limit,  the  total  phaa*  change  experienced 
by  a  guidad  wav*  after  It  p.opagatai  a  dlatanct  L  contain*  two  tarmi,  namely 

A|  -  l0k<jli  +  Al0kol.FBW  («) 

whar*  tAN“  •  AlQkQi,F.w  1*  th*  nonlinear  powar-dapandant  phaaa  change.  Typically  an  interference  condition 
can  change  from  conatructlva  to  daatructlv*  lntarfarenca,  or  vioa-varaa,  whan  At**.  »  w/2  ao  that 

‘  TSife  <91 

whara  F0  la  a  maanura  of  the  critical  powar  required  to  produce  powar-dapandant  lntarfaranca  phenomena. 
In  thla  aaotlon  wa  dlacuaa  a  number  of  davloai  that  rely  on  aucb  an  lnttnalty-dapandant  affactlva  Index  and 

phaaa. 


(a)  ■onllaaar  Dlraotlonal  Coupler 

An  intanalty-dapandant  rafractlva  Index  can  b*  uaad  to  altar  the  phaaa-matchlng  condition  bitwaan  two 
oouplad  channel  waveguide*,1*  For  axampl*,  consider  the  channel  waveguide  directional  coupler  ahown  in 
Fig,  I.  Whan  light  la  injected  into  on*  ohannal,  tha  overlap  of  that  guidad  wava  Maid  with  tha  adjacent 
channel  waveguide  reaulte  in  powar  tranifar  into  tha  second  waveguide.  Aa  ahown  in  Fig.  t  for  low  powara, 
tha  power  oaclllataa  between  tha  two  channel a  with  propagation  dletano*  and,  whan  terminated  for  tha 
appropriate  length,  tha  device  acta  aa  a  (witch  or  •  powar  apllttar.  For  alactro-optlc  metarule,  tha 
tranifar  condition!  can  ba  tuned  by  applying  an  alactric  field  to  modify  or  modulate  tha  refractive  Index, 
and  thi.a  la  tha  normal  mod*  In  which  such  a  davlca  la  operated. 

If  on*  of  tha  madia  in  which  tha  guidad  wava  field*  axlit  1*  characterised  by  an  intensity-dependant 
rafractlva  lndaa,  the  cross-coupling  conditions  baoosi*  powar  dependant  and  new  signal  processing  dsvlcas 
bacoma  possible.1*  That  Is,  tha  raaponaa  of  th*  device  depends  on  tha  intensity  of  the  Input  waves. 
Assualng  Identical  waveguide*  with  guidad  field  amplitudes  described  by  #j(x)  and  *2(x)  respectively  and 
naglactlng  attenuation,  th*  interaction  can  b*  described  by  tha  coupled  wava  aquatlonei1* 

-i£*l<x)  -  r*2(x)  +  U«o*l(x)2  +  2Aeo,X2(K)I]«l(x) 

"  f«l(>0  +  [ Aoo«2C*>®  +  2A«o'll(*52)*2(*)‘ 


UOa) 

(10b) 


*  «'  J1* 
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Her*  r  is  Che  usual  linear -coupling  coefficient  between  the  two  channele  that  ls-,de  to  the  oaclllatory 
tranefer  between  the  channel!  ahocti  In  the  low  power  regime  of  Fig.  7.  Ice  value  dapenda  on  the  details 
of  the  channel  geometry  and  separation,  Note  that  In  the  abaanco  of  this  coupling  term,  the  remaining 
terms  in  the  square  brackets  Introduce  en  Intenalty-dependant  contribution  to  the  propagation  wavevector 
for  each  channel.  The  parameters,  Ao0  snd  Aoo'  respectively.  quantify  ths  nonlinear  effect  of  each  guided 
wave  field  onto  ltaalf  becauee  of  Its  high  lntanslty  and  tha  nonlinear  effar.t  of  a  strong  field  1.,  on* 
channel  on  the  propagation  characterlatlca  of  the  neighboring  channel. 


Fig.  a.  A  nonlinear  coherent  directional  oouplsr  consisting 
of  two  channel  wavoguldts  whan  fields  ovsrtsp  In  * 
msdlum  charmcfmrlieri  by  an  Intsnstly-dapendsfrt 
refractive  Indaw. 


Fig.  7.  Ths  guided  wave  power  (normalised  to  tha  critical 
switching  power  Pe)  remaining  In  the  Incldenoe 
channel  versus  propagation  distance  at  different 
Incident  power  levels, 


Ths  solutions  to  these  aquations  as  obtained  by  Jansen14  era  shown  In  Fig.  7  for  a  single  input  channel 
excited  at  different  power  levels.  These  results  suggest  a  variety  of  poaelbla  applications.  Frr  example, 
if  ths  dsvlos  is  set  to  produce  complete  transfer  Into  tha  neighboring  channel  at  low  powers,  at 
appropriately  high  Input-pover  levels  the  transfer  can  ba  minimised.  This  corresponds  to  an  lntanslty 
dependent  optical  ewltch.  A  series  of  such  switches  can  ba  used  to  demultiplex  signals  that  era  lntanslty 
coded.  Alternatively,  If  the  signals  ere  of  approximately  equal  Intensity  but  era  wavelength  multiplexed, 
the  signals  can  be  demultiplexed  If  the  material  nonlinearity  Is  strongly  viva  length-dependant. 


Intensity-dependent  power  transfer  has  recently 
been  demonstrated  using  ln-ulffuead  channel 
waveguide*  In  LtXbOj,16  end  In  OeAe-Gao.yAlg.jAa 
multiple-quantum-well  (MQV)  channel,  waveguide*.16 
Although  njT  1*  quit*  small  for  UNbOq  (and  in  fact 
wee  aaaeured  in  this  experiment),16  a  measurable 
tranefer  with  picosecond  time  resolution  has  been 
observed  by  Heus  end  colleagues.  The  recent  report16 
of  nonlinear  switching  In  the  MQW  structure* 
danonrtratad  partial  switching  of  laser  diode 
radiation  at  waveguide  power  levale  of  only  1  mV,  in 
that  ossa  the  two  channel  waveguides  wet*  strain- 
induced  by  depositing  two  gold  stripes  on  top  of  a 
planar  MQW  waveguide.  Although  this  device  operated 
at  *  temperature  of  1 UO  K,  It  represent*  a  vary  new 
and  exciting  development  In  this  Meld. 

The  most  promising  application  of  nonlinear 
directional  coupler*  appears  to  be  to  all-optical 
logic  gates  baaed  on  a  Hach-Zendar  interferometer16 
ae  aketchad  In  Fig.  8.  Aa  indicated  in  the  Inset,  the 
full  set  of  logic  functions  can  be  implemented  with 
this  device. 


Fig.  8,  A  modified  nonllnmer  Meeh-Zender  Interferometer 
for  Implementing  all-opttoel  logic  functions.  The 
'ogle  imblm  I*  given  In  the  Inset. 


(b)  loal lea* r  grating  Device* 

All -optical  tuning  of  grating*  In  nonlinear  waveguides  lead*  to  a  lerr.e  number  of  potential 
application*  to  gulded-wev*  all-optlcel  signal  p-oceerlng.  The  underlying  principle  le  very  simple.  When 
light  1*  incident  onto  e  grating  (Fig.  9),  it  1*  strongly  reflected  (deflected)  only  whan  tha  Bragg 
condition 


•*Oraf  ■  6k01nc  +  «  UO 

is  aatiiflad.  Tha  effective  Index  I  can  be  tuned  optically  by  the  Incident  beam  ltaalf,  by  another  guided 
wave  beam  incident  fro*  enothei  direction,  or  by  Illuminating  tha  grating  from  above  (or  below). 
Therefor*  tha  lragg  condition,  and  hence  i  ,,  rating  reflectivity,  can  ba  controlled  optically.  Tills 
phenomenon  will  prove  to  be  very  versatile  because  jetton  end  the  lntanslty  of  the  jlgnal  can 
ba  controllad  optically.  '  ~ 


16-6 


Potentially  on*  of  th*  ao*t  Important  application*  baaed  on  dlatrlbutad  feedback  will  be  to  optical 
blatabl.Uty  and  twitching.17  Consider  first  a  single  beam  Incident  along  the  grating  axle  (beam  1  in 
Fig.  9).  Because  of  a  grating's  reflection  properties,  there  are  always  two  waves  present  Inside  a  grating 
that  we  label  a+Cx)  and  a_(x)  for  propagation  along  the  +x  and  -x  axes  respectively.  For  a  sinusoidal 
surface  grating  centered  on  the  plane  a  -  0  (film-cladding  interface)  that  produces  a  surface  corrugation 
given  by  u  -  uostn(Kx)  and  Includes  both  the  forward  and  backward  travailing  wavaa,  the  appropriate 
coupled-mod*  equation*  including  an  intensity-dependent  wavevector  are17 

i£a+U)  ■  ra‘148kO*a_(x)  +  AS0ko[a+(x)2  +  2a_(x)2]a+(x)  (12a) 

and 

-i^a_(x)  -  r.li,k0V(x)  +  A«0ko[2a+(x)2  +  a_(x)2]a_(x)  ,  (12b) 

whara  r  la  th*  dlatrlbutad  reflection  coefficient  for  a  planar  waveguide  and  the  Initial  detuning  from  tha 
Bragg  condition  1*  given  by 


Aft  -  2«q  -  */ko  .  (12c) 

Thasa  aquatlona  have  baan  solved  analytically.17  In  terms  of  an  incident  switching  power  Pc  for  tha 
At  •  0  case, 

P‘  ■  -SAftfc  •  (13> 

Typical  numerical  results  for  the  transmission  through  th*  grating  are  shown  In  Fig.  10.  As  th*  Incident 
power  1*  Increased  past  tha  turn-back  point,  the  system  switches  to  tha  upper  branch.  When  power  1* 
reduced,  switching  to  th*  lower  branch  occurs  at  tha  turn-back  point  for  th*  upper  branch.  Hence  a 
bistable  loop  1*  obtained.  As  shown  in  Fig.  10,  switching  occurs  for  |a+(0)|2  ■  Pc,  provided  that  tha 
fwadback  parameter  la  of  the  order  of  unity  or  larger,  If  two  beams  are  Incident  onto  tha  grating,  th* 
bistable  switching  of  on*  beam  will  also  produce  bistable  switching  of  the  second  beam.  Pc  for  channel 
waveguides  can  be  nsnowatta  for  InBb  waveguides,  18  microwatts  for  OaAlAs  MQW  structures,  and  potentially 
tens  of  milliwatts  for  nonlinear  organic  used  aa  th*  nonlinear  material. 


Fig.  9.  General  nonlinear  grating  geometry  tor  switching 
guided  waves.  Th*  grating  can  be  tuned  (In  a 
bistable  fashion)  by  n  high  power  guided  wave 
Incident  (tor  example)  along  the  grating  axis,  by  a 
control  guided  wave  Incident  parallel  to  the  lines  of 
Itie  grating,  or  by  Illumination  from  above  or  below. 


Fig.  10,  Transmitted  veraus  Incident  Intensity  for  guided 
wave  optical  bistability  for  a  given  feedback 
( ri  ■  2)  which  chopioterlzas  the  grating 
reflectivity,  end  grating  length  L. 


If  the  grating  i*  Illuminated  either  from  above  or  by 
a  guided  wave  incident  parallel  to  th*  grooves,  the 
grating  reflectivity  cen  be  tuned  continuously  with  th* 
contrul  beam  power,  a*  shovn  in  Fig.  11.  That  la,  tha 
operating  point  of  tha  grating  can  ba  controlled 
optically.  This  proparty  1*  useful  for  Implementing  e 
variety  of  all-optical  logic  functions.  For  example,  If 
two  Input  beams  of  power  Fa  are  incident  as  control  beams 
with  tha  grating  Initially  offsat  from  maximum 
raflactlvity  (for  a  third  weak  signal  beam)  by  -P§,  an  XOK 
operation  la  obtained  for  a  weak  signal  baam.  Similarly, 
operations  such  as  AND  may  alao  bt  implemented, 

Thera  are  also  applications  to  aarlal-to-parallal  and 
parallal-to-aarlal  conversion.  For  example,  consider  a 
serial  data  stream  passing  through  a  long  grating  which  1* 
Initially  tuned  to  aero  raflactlvity,  aa  Illustrated  In 
Fig.  12,  If  at  aoma  Instant  In  tlma  tha  giatlnge  are 
Illuminated  from  above  with  sufficient  power  to  tune  the 
gratings  to  maximum  reflectivity,  th*  aerial  data  stream 
Is  convartsd  to  a  parallel  data  stream.  Similarly  a 
parallel  data  stream  can  be  converted  to  a  aerial  data 
at ream. 


Fig.  11,  Grating  reflectivity  venue  control  beam  power  fa¬ 
il  nonlinear  grafting  (K  «r  ). 
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Fla.  12.  Sarlal-to-parallal  convaralon  of  a  data  stream  via  a  nonlinear  grating.  a)  Tht  data  stream  propagate*  through  tha  grating 
which  la  datunad  from  tha  Bragg  condition,  W  Tha  grating  la  Ilium Inartad  from  ahova  with  a  baam  of  aufflclant  powsr  to 
tuna  tha  yrnHng  to  tha  Bngg  condition,  e)  Tha  data  stream  la  daflactad  Into  a  parallal  ana  dlmanalonal  array.  Parallal  to 
aortal  convaralon  la  obtained  by  affactivaly  ravaralng  tha  procaia  In  time. 

Optically  tuned  nonlinaar  gratings  ar*  potantially  vary  varaatila  element*.  During  tha  grating 
fabrication  procaaa,  it  i»  poaaibla  to  atop  tha  periodicity  for  aoaa  diatenea  t,  which  cor reepond*  to  phaaa 
ahift  of  nko»  inaida  tha  grating.  Thua  phaao-kayad  procaaaaa  auoh  aa  corralation  and  coding  and I  dacoding, 
both  wall-known  in  aurfaca  aoouatio  wave  device*,14  can  be  implemented  optically  with  guided  ways*.  Kara 
tha  grating  coda  could  ba  althar  turnad  on  optically  with  a  control  baam  or  aetuatad  by  tha  aignal  baan 
itself  (providing  that  it  lie*  within  a  specific  power  range).  Thara  are  num.roue  other  appliaaeion.auch 
aa  a  witching  of  arraya  of  parallal  beans  or  tha  “slid*"  operation  for  optioal  computing  which  are  not 
discussed  hara  because  of  apaea  limitations. 

To  data  no  device*  bused  on  nonlinear  gratings  have  yat  baan  reported. 


a.  DBomuTi  ro di-wave  muiwo 

The  key  feature  that  leads  to  an  intanaity-dapandant  rafraetiva  index  la  a  nonlinaar  polarisation 
source  field  at  tha  aana  frequency  a*  tha  inddant  field.  Such  a  polarisation  field  can  also  ba  produced 
by  the  mining  of  three  input  wavaa,  aaa  Bq.  (1).  If  two  of  the  Input  fields  propagate  in  opposite 
directions,  this  procaaa  la  called  degenerate  four-wave  mixing.20  Since  thaaa  two  fields  propagate  in 
opposite  directions,  their  wavavactora  cancel  exactly.  Therefore,  for  any  angle  of  incidence  of  the  third 
baam  in  thin  geometry,  tha  procaaa  ia  always  phaaa-matchad  (wavavector  conserved)  provided  that  the  fourth 
wave  la  generated  backwards  along  tha  incidence  direction  of  this  third  baaa.  In  a  waveguide  format, 
tha  process  la  phaaa-matchad  aa  long  aa  baama  1  and  2  propagate  in  tha  asms  waveguide  mode.  This  anauraa 
that  tha  algnal  baam  4  ia  radlatud  into  tho  aana  mode  aa  baam  3. 

This  interaction  geometry  introduces  new  eignal-procaasing  poaaibilitlaa  because  the  input  beam*  can 
propagate  in  different  direction*  relative  to  one  another,  and  at  different  apaada  (1  and  2  different  from 
3  and  4). 22  for  example,  thia  allow*  tha  convolution  of  two  waveforms  to  ba  produced  in  real  time  in  tha 
form  of  an  optical  guided  wav*  algnal,  Thia  caa*  shown  in  Fig.  13a,  Tha  two  input  baama  being  convolved 
ar*  1  a  a,  pula*  envelop*  Uj(t)i  and  2  a  b,  pulse  envelope  Ug(t’>|  end  bean  3  «  c,  is  a  control  beam  whose 
presence  la  required  to  neke  the  procee*  poaaibla  via  degenerate  four-wevn  mixing.  The  total  radiated 
■lgnel  la  of  the  form 


lU(t)  “  >  Ui(2t-t)Uj(t)  dt 


(14) 


which  correspond*  to  the  convolution  of  tha  two  input  wavaforma  with  a  tima  compraaaion  of  a  factor  of 
two.  Whether  this  procaaa  occurs  or  not  la  detarmlnad  by  tha  praatnea  or  absence  of  tha  control  baam,  a 
furthar  advantage  for  controlled  aceins  signal  processing. 


-A 

-J  4' 


l 


b) 


Fig.  13.  The  application  of  degenerate  to \r  wave-mixing  to  a)  lha  convolution  of  puitaa  I  (-a)  and  2  («b),  and  b)  1o  tha  time 
Inversion  of  baam  !<■•). 


Anothar  example  la  tima  inversion22  with  tima  compression  or  expansion,  illustrated  in  Fig.  13b.  Tha 
waveform  to  ba  inverted  ia  coupled  into  a  slow  mods  of  the  waveguide  and  a  vary  short  pula*  (d-f unction  in 
tima)  into  a  faat  mod*  that  ovartakaa  it  aaaantially  at  a  small  angla  from  behind.  Hence  the  trailing  and 
of  the  input  algnal  puli*  ia  re-radiated  back  along  tha  path  of  tha  t-function  pules,  and  as  the  short 
pulaa  paaaaa  through  waveform  1,  a  time  inverted  vereion  of  the  input  signal  ia  produced.  In  this  case 
control  baan  le  2  end  the  radiated  elgnal  la  beam  4.  By  adjusting  tha  ralativa  angla*  and  the 
number*  of  the  variou*  input  wave,  the  signal  can  also  b*  expanded  ot  compraaaad  in  tima. 


tha 

modo 


Only  on*  experiment  on  degenerate  four-wav*  mixing  in  thin  file  waveguides  haa  bean  reported.2^  Tha 
signal  wavaa  ware  tana  of  nanoseconds  in  duration  and  therefor#  no  real  time  algnal  procaaaing  operations 
war*  demonstrated. 
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3.  80HHAKT 

W*  have  dlacuaaad  a  rniabar  of  potential  application  la  all-optical  algnal  procaaalng  ot  nonlinear 
interaction';  In  planar  and  channel  vaveguldee>  It  ahould  by  now  be  clear  that  moat,  if  not  al'i,  of  tha 
procaaalng  functlona  of  Interact  can  ba  Implemented  optically.  Tha  planar  interaction  geometries  are 
noatly  applicabla  to  sarlal  prooaaalng  ayataea.  lntaractloua  involving  channal  vavaguidaa  (or  fibara)  can 
be  uaad  alto  for  parallel  procaaalng  operatlona.  It  la  atlll  vary  aarly  In  the  waveguide  ell-optical 
elgnal-proceaalng  field,  and  to  date  only  a  few  interectlona  have  been  verified  experimentally. 

Tha  key  to  lapleeancing  auch  davicaa  la  tha  availability  of  appropriate  aatarlala.  Tha  raqulaita 
nonllnaarltlaa  ahould  ba  large  enough  that  the  various  devices  can  be  lapleaented  at  powai  levels  of  tana 
of  milliwatts  or  lass.  Furthermore,  onoa  tha  optical  signal  ia  turned  off,  tha  nonllnaarly  induced 
polarisation  or  rafraotlva  index  ahould  relax  aa  quickly  aa  poealbla,  preferably  in  picosecond*.  Thl* 
nonlinearity  relaxation  tins  will  ultlaataly  limit  tha  prooaaalng  speed.  (Usually  the  "turn-on"  time  for 
the  nonlinearity  la  lnatantanaoua,  provided  that  enough  power  ia  supplied  to  tha  device.) 

Soma  candidate  materials  already  satisfy  tha  above  criteria,  although  not  all  optimally.  For 
example,  QaAv/OnAlAa  NQW  materials  have  more  than  adequate  nonlinaarltlea,  although  tha  relaxation  time 
for  the  nonlinearity  ia  still  in  tha  hundrada  of  picoseconds  range.*4  Semiconductor-doped  gltaaas  relax  in 
times  of  the  order  of  picosecond*.?9  However,  the  powers  required  for  signal  prooaaalng  are  predicted  to 
11*  in  the  10-mW  to  1-W  range.  Both  of  thea*  material  systems  have  large  losats  and  are  therefor#  not 
ideal  for  aerial  prooaaalng  involving  multlpla  davicaa,  Tha  usa  of  nonlinear  organic  materials  that  era 
vary  fast  la  one  of  tha  mora  interesting  prospect*  on  tho  horlaon.  The  absorption  in  thasa  material* 
ahould  ba  controllable  and  thay  must  now  ba .anginas red  to  increase  their  nonlfnearitiaa  by  navaral  orders 
of  magnitude  to  raduco  davlc#  operating  powers  to  reasonable  level*. 18»26 

Wa  look  forward  ovor  tha  naxt  faw  year*  to  both  the  damonatratlon  of  mora  all-optical  signal 
prooaaalng  operation*,  and  to  the  development  and  incorporation  of  new  nonlinear  material*  into  guided 
wav*  formats. 

Thl*  research  wa*  supported  by  tha  National  Selene*  Foundation  (ECS-B304749, -81 17483),  Army  Research 
Office  (DAAG-29-83-K-0028),  tha  Joint  Servlets  Optles  Program  (MIOOM,  BMDSC)  and  eh*  Mr  Fore*  Office  of 
Scientific  Reaaarch  (AP08R-84-0277). 
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SUMMARY 

Th«  propagation  of  electromagnetic  wavaa  (TE)  in  a  nonlinear 
waveguide  is  studied.  For  simplicity  a  three  layer  structure  is  considered 
with  the  two  external  madia  of  semi-infinite  extent,  The  mode  dispersion 
equation  is  derived  together  with  the  power  carried  by  the  single  mode  in 
the  structure,  showing  that  bistability  oan  occur  in  some  case. 


1.  INTRODUCTION 


Propagation  in  nonlinear  waveguides  was  considered  since  1968  (1)  when 
surface  waves  on  the  interface  between  two  media  one  of  which  had  a 
dielectric  constant  with  a  quadratic  dependence  on  the  wave  field, were 
studied. 

This  situation  was  further  considered  in  refs.  2  to  6  and  extended  to  the 
case  of  both  media  nonlinear  by  Lomtev  (7)  or  of  a  symmetric  layered  stru¬ 
cture  consisting  of  a  layer  having  a  linear  dieleotrio  constant  between 
two  layers  of  a  medium  whose  dielectric  aonstant  depends  quadratieally  on 
the  amplitude  of  the  wave  electric  field  by  N.N.  Akhmadiev  (81 . 

A  feature  of  the  wava  propagation  in  these  structures  is  that  the 
dispersion  relation  contains  as  a  parameter,  besides  the  frequency  and  the 
wave  vector,  also  the  square  of  the  field  of  the  electromagnetic  wave. 

This  means  that  at  a  given  frequency  it  is  possible  to  control  the  pro¬ 
pagation  aonstant  of  the  wave  by  varying  its  energy  flux.  Moreover,  wave 
solutions  are  obtained  having  no  analogy  in  ordinary  linear  structures,  and 
in  a  certain  range  of  values  of  the  carrying  layer  thickness  or  of  the 
wavelength,  in  the  case  of  a  three  layer  structure,  the  nonlinear  surfaoe 
waves  are  bistable  (8) . 

The  study  was  subsequently  extended  to  the  case  of  guided  waves  in  a 
three  layer  structure  ,in  which  one  ,two  or  all  the  media  ware  nonlinear  (9 
to  30)  and  bistable  behaviour  was  confirmed  theoretically  (8,11,13,18,30), 
Finally  experimental  evidence  has  been  obtained  (17,23,27). 

In  the  present  paper  we  discuss  the  propagation  along  a  nonlinear 
guiding  medium  (see  Fig.l),  looking  at  symmetric  (4"6  )  and  asymmetric 
(fMA)  configurations.  2  3 

This*  structure  has  already  been  studied  using  the  "coupled  mode  theory" 

(11,  16)  t  beaauae  of  the  high  intensities  which  can  be  present  in  the 
waveguide,  this  approach  may  not  be  useful  and  a  general  and  exact  theory 
must  be  considered  to  predict  all  the  features  of  the  behaviour  of  the 
structure. 


2.  HAVE  EQUATIONS  FOR  THE  STRUCTURE 

Let  us  consider  the  case  shown  in  Fie,  1  of  a  medium  with  a 
nonlinear  refractive  index  (^i“ai(f 

He  restrict  here  to  the  study  Of  TE  mooes. They  have  only  the  field 
components  E  ,H  ,H  .  Since  we  are  interested  to  the  normal  modes  of  the 
slab  waveguide  we  assume  that  the  t  component  of  the  mode  field  is  given 
by  the  function  exp(ijls)  .  In  this  way  the  wave  aquations  for  the  three 
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Tha  solutions  of  Eqa. (4)  ara  tha  following 
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Es(x)  »  E0  axp  (  -K^x) 

(3a) 

f  \/l  r- 

E(  (x)  -+/  1  |  ad  (/y.  (  x  +  X,,  ).  t.  ) 

(5b) 

S^(x)  -  E^axp(  X4#  (x  +  d) )  f 

(3c) 

whara 

’f'l  -  <«,*+  2c, 4  )tl 

(6a> 

.  1 

**»  *  Kia  / 

E3  (  *~0) 

S-4  =  Ej.  (  X*  -*0 

(6b) 

o,  and  x0, ara  intagration  oonatanta  and  ad  la  a  Jacobi  Elliptic 
Function,  with  tha  paramatar  t1  (31) i 


t-  ^  "^i 


(7) 


Eq . (3b)  (i.a,  tha  aolution  of  tha  nonlinaar  wava  aquation)  daaoribaa  both 

aituationa  of  aurfaaa  (  X*  >o  )  and  guidad  (X*  <  0  )  modaa, 

Tha  intaqration  oonatant  x  oan  ba  axpsaaaad  aa  a  function  of  tha  fiald 
at  tha  boundary  x-Oi 


Uainq  tha  continuity  of  tha  firat  darivativa  at  thia  boundary, it  ia  alao 
poaaibla  to  find  tha  axpraaaion  of  tha  diaparaion  aquation 

■n  (  /fi  <  **1  +  )  du(  (  x„,  +  d  )) 


on  (  (  x#(  +  d  )  ) 


K*e  >  dn  <  Vfi  *a,  > 

K*«  on  <^7.  xa,  > 


Tha  diaparaion  aquation  (9)  ia  howavar  not  a  oonvaniant  form  to  ba 
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handled  due  to  tha  presence  of  the  two  Integration  constants  *  and  c(  . 
Using  oqs.(4)  it  is  poasibla  to  eliminate  x»,  .  *' 

So  for  aBymmatria  configuration  ( dt  #  6t  )  all  the  modes  of  the  structure 
are  given  by  solving  the  following  equation) 


en  (ilf,  (  *«,  +  <*>  >  dn  (  ff,  (x,(  +  d  )) 
en(/fj  (x#1  +  d  )  ) 

KM  (  2  *4  ["<  K»  +  *!,>  (  K>*  +  K*‘.  '  +  2o'*  3 


Ka*  /  t ,  fc*r  -<*  *>«  >  +  /<  <+  +2°.»  1 

I-  ( r,1-  *,2 )  ^ 


*  &  r  » 

f,  )  1  -  (  1-  t  : 


a r. [“  (  *.‘  +  K»\>  +/^K>  <.>fc+2°.*  ]1  )  ' 


<  i;1-*,4  > 


where 


>  -1 

f.  x.  ■  +  ad 
Jl  01 


2r,  [-  <  *i +  *i> +  /  <  k;  +  kh >l  +20^] 


1  1 

<  h  > 


In  this  way  the  dispersion  equotion  for  sach  /J  depends  on  oO.d, 
and  2g,$  (i.a.  E#  ) . 

In  tha  linear  limit  (  4  -*  o  )  this  aquation  reduces  to  tha  one 
for  a  linear  slab  waveguide. 

in  the  case  of  a  symmetric  configuration  ,  the  dispersion  aquation 

for  symmetric  and  antisymmetric  modes  (the  only  possible  hind  of  modes  for 
this  configuration)  is  given  by  1 


an  (  /f,  A/2  )  dn  (  {f,  A/2  ) 


on  (  A/2  ) 


where 


f  <X> 


2  tf,[  -  ( K»  +  k»o  >  +  h  K*«  +  k!o)1+  2c-s  ] 

^  >  r.Mi-t1)  *»>  dI}E3L  +2c,*J 

1  ( fii-  *,1 ) 


i+  **  —  { -  <  *'t  +  >  + /<  +  *»\>l  +  a«,i  ] 

if.-*! l> 


foe  antlaymmatric  modal  (  E#  -  -  E^  )^«nd 
■n(  /]f(  d/2)  dn  ( /p,  d/2)  1 

M 

on  <  /7,  d/2  )  f  (x)  (14) 

for  aymmatrio  modal  (  E(-  E^) . 

Thai*  diaparaion  aquatlona  daaoriba  both  guidad  (X,|<p  )  and 
■urfaaa  (  «,*  > q  )  modaa,  and  oan  ba  aolvad  via  tha  uaual  graphioa  mathoda, 


3 .  POWER  FliUX 


To  Know  tha  bahaviour  of  tha  modaa  inaida  tha  gulda,  It  la  mora 
oonvoniant  to  expraaa  tha  powar  flux  through  tha  atruotura  calculated  aa 


ft.  °  *o 

P  « 

-  r 

8*  (x)  dx  , 

atfto 

l 

Rubatitutlng  tha  aolution  of  tha 
atruotura 

wava  aquation  va 

*1 

P-  P,  p  + 

i 

_ + 

r*  rT  f  , 

2K». 

i  L 

~  ®  <  fif,  *„  >  + 

G  .... 

+  d  )  -  (1-  tX  ) 

+  t"  (  an  (  f(t  x,,,  ) 

cd  (  /};  x„)  - 

an  (/?,(  x„  +  d  ) 

d  ) ) 


which  raduoaa  to  tha  following  axpraaaion  in  tha  oaaa  of  a  aymmatrio 
atruotura 
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p  -  pJ  _!l.  +  !L3  u-t*-  >  d 

/  **  S 

+  a  R  (fy.d  )  -  a  t1  (1-  q)  an  (  d/2  )  od  (  /p, 

with  P  «  ft**  f« 

ClftO 


(17) 


where  q«l  for  syaunatrlo  mod**  and  q«0  for  *ntliymm*tria  modes,  *nd  E  (M,t^ 
1*  th*  elliptic  integral  of  th*  **aond  kind  (31). 

It  i*  easy  to  verify  again  that  In  th*  linear  limit  *q.(17)  r*duo*a  to 
th*  power  *xpr***ion  through  th*  oorraaponding  linear  atruotur*. 


4.  NUMERICAL  CALCULATION!  AND  RBSULl'E 


N*  hav*  oaloulatad  th*  mod*  behaviour  in  a  waveguide  mad*  by  a  thin  film 
of  a  nonlinear  material  with  *,«  ■il.Sl  ,  6  ■  iJ’Vo'#',  end  thiokneaa  d , 

bounded  by  two  media  in  a  aymmetrio  configuration  with  for 

different  value*  of  the  ratio  d/X  I  d/A  *  0.5.  and  d/X  “l 
At  firat  we  have  aolved  (by  interaeotion)  the  diaparaion  equation,  then  we 
have  oaloulatad  the  power  carried  by  each  allowed  mod*  of  the  slab 
waveguide.  The  main  reault  ia  an  "N"  ahaped  curve  describing  th*  behaviour 
of  the  propagation  constant  of  the  antyaimmatrio  mode  aa  a  function  of 
the  normalised  power  P4/P«  (in  the  caaa  of  symmetric  configuration)  is.Fig.a) . 

This  shape  is  characteristic  of  a  bistable  process  which  in  this  case 
shows  itself  as  the  presence  of  a  orytioal  power  value  at  which  two  modes 
of  th*  earn*  kind  appear. 


There  are  several  possible  applications  of  these  reaulta.  At  low 
powers,  below  the  crytical  value  foe  th*  bistable  behaviour  a  deflector  can 
be  made,  us*  th*  change  of  /&  with  power  when  extracting  the  mode  from 
the  waveguide.  At  the  orytioal  power  two  modes  of  th*  same  kind  appear 
and  th*  system  o*n  be  used  as  a  aswitohJ  between  two  states. 
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80NMAKT 

Ha  hava  racantly  demonstrated  two  novil,  paaslva,  low-powar,  guldad-wava  optical  limiter*.  Both  ara 
baa ad  on  intanaity-dapandant  rafractiva  lndlcaa  and  lnvolva  phenomena  unique  to  optical  wavaguidaa.  Tha 
fir  at  utlllaaa  nawly  dlacovarad  nonlinear  guidad  wavaa  that  exhibit  optical-limiting  action  for  a  film 
bounded  by  a  nonlinear  aadlum»  Tha  eacond  rallaa  on  an  intanaity-dapandant  reduction  In  coupling 
af flclency  whan  waveguide  modaa  ara  axoitad  by  prlam  or  grating  couplera.  In  both  caaaa ,  preliminary 
axparlmanta  hava  damonatratad  optical  limiting  action. 


1.  UTKODOCnOH 

A  totally  paaalva  optical  llmitar  K  vary  dlffluult  to  achieve  for  aavaral  raaaona.  A  high-power 
incident  optical  field  can  a}  cauaa  a  phaoe  transition  that  changaa  a  matarial'a  optloal  propartlae  from 
tranaparant  to  raflaotlng,  b)  trigger  a  datactor  relay  that  cloaae  a  ahuttar  or  apply  a  voltage  that 
aauaaa  a  phaaa  transition,  or  c)  cauaa  a  change  in  tha  material  refractive  index  that  la  uaually  tranalatad 
via  an  optically  raaonant  atructura  Into  a  change  In  tha  reflective  propartlae  of  an  optical  device.  Only 
caaaa  a)  and  c)  belong  to  tha  paaalva  category  and  can  have  raaponaa  time  a  limited  eaeentlally  by  thoaa  of 
tha  material  nonllnearitee.  In  caaa  c)  particularly,  tha  optically  Induced  change  In  tha  rafractiva  index 
it  typically  given  by  An  ■  njS,  whara  8  la  tha  local  lntanalty  in  watta  par  mater  aquared  and  n2  la  in 
aetera  aquared  par  watt,  for  a  given  amount  of  total  power  that  la  tha  quantity  of  intaraat  In  moat 
applloatlona,  tha  lntanalty  (powar/araa)  can  be  optimiaed  by  reducing  tha  beam  oroee-aaetlonal  area.  Havaa 
guidad  by  alngla  or  multiple  lntarfacaa  offer  an  Ideal  approach,  elnea  the  bean  aroaa-eactlon  can  be 
reduced  to  tha  order  of  an  optical  wavelength  In  ona  or  both  dlmanalona.  Guidad  wave  varalona  of  achamaa 
flrat  propoaad  for  plana  wavaa,  for  example  blatablllty,  offer  operation  at  power  lavala  reduced  by  two  to 
four  ordara  of  magnitude  relative  to  chair  bulk  wave  counterparts.1  Unfortunately,  they  can  auffar  from 
the  aama  problama  aa  bulk  davlcaa,  auch  aa  background  level.2 

An  Intanaity-dapandant  rafractiva  index  affacta  tha  propagation  of  light  In  a  medium  in  two  waya. 
Plrat,  changaa  In  tha  lndax  lead  to  changaa  in  tha  optical  wavavactor  k  of  light  in  tha  madlun.  Therefore, 
if  an  optical  beam  la  propagated  a  distance  L  in  tha  madlum,  tha  net  phaaa  change  kb  can  ba  tuned  through 
aa,  whara  m  la  an  Integer,  by  changing  tha  power.  That  la,  an  intarfaranca  condition  can  ba  changed  from 
deetruativa  to  conatructlva  and  vlca-varaa  by  lncraaaing  tha  lntanalty  of  a  light  beam.  Under  appropriate 
conditlona,  this  phenomenon  can  lead  to  optical  limiters  that  oparata  over  United  wavelength  rangaa,  auch 
aa  narrow-band  Ualtsrs  uaaful  for  blocking  specific  wavalangthe. 

An  example  of  auch  a  process  la  the  coupling  of  radiation  Into  a  nonlinear  optical  wavagulda  via  a 
distributed  coupler  auch  aa  a  prism  or  a  grating. *»*  Under  auch  a  coupler,  tha  guidad  wave  field  grows 
with  distance  along  the  wavagulda  surface  over  tha  aperture  of  tha  Incident  beam.  Por  efficient  coupling, 
tha  projection  of  tha  incident  field  wavavaator  (plus  the  grating  wavavactor  for  grating  couplers)  onto  *-ho 
surface  must  match  tha  wavavactor  Ikg  of  tha  guidad  wove  being  ganaratad.  However,  If  tha  guldad-wava 
wavavactor  varla*  with  guidad  wave  power  (1  ■  lo  +  420*gy)*  vi*  ,n  Intanaity-dapandant  rafractiva  index  in 
one  of  tha  guiding  madia,  thia  aynchronoua  coupling  condition  is  apollad  and  coupling  efficiency  la  rsdur.ad. 
Hence  increased  incident  power  leads  to  daoreaeed  coupling.  He  have  already  demonstrated  experimentally 
thia  phenomenon.4 

Tha  amplitude  distribution  of  a  high-power 
optical  field  alao  changaa  with  propagation  distance 
In  a  madlum  characterised  by  an  intanaity-dapandant 
refractive  lndax.  For  a  aalf-foouaaing  medium 
(nj  >  0),  an  optical  beam  collapses  at  soma  point 
Into  a  narrow  filament  that  can  ba  blocked  off  or 
transmitted,  depending  on  tha  application.  If  tha 
beam  la  guided  by  a  alngla  Interface,  or  by  multiple 
lntarfacaa,  the  field  maximum  can  move  from  ona 
medium  to  another  with  lncraaaing  power  and  again  tha 
tranamiaalon  properties  can  ba  controlled. *"»  Under 
different  conditlona,  tharmal  affacta  In  a  bounding 
sodium  can  cauaa  a  guidad  wavs  to  bocoms  laaky  at 
high  powars,  and  again  tha  wavagulda  tranamiaalon 
dacraaaaa  with  lncraaaing  lntanalty.  Thass 
approaches  can.  If  tha  material  nonlinearity  la 
broad-band,  lead  to  larga  bandwidth  optical  llmitare. 

Optical  wavagulda*  therefor*  offer  new 
opportunities  for  obtaining  optlcal-llmltar  action 
cauaad  by  powsr-dapandant  amplitude  distributions 
that  occur  under  certain  conditions.  Consider  wavaa 
guidsd  by  tha  thin-film  wavagulda  shown  lu  Fig.  1  for 
a  film  of  ratrtctlv*  lndax  nf  and  thlcknaaa  <1, 
bounded  by  a  cladding  and  substrata  with  lndlcaa  nc 


Fig.  1.  Gaomsrtry  pertinent  to  nonlinear  guidad  wove*. 
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and  rg,  raapectivaly.  Vh*n  tha  optically  Induced  change  in  r* tractive  Index  njS  in  one  of  the  three  nedia 
becoaaa  coapatable  to  nj  -  nc  or  nj  -  n«,  the  guided  wave  field*  and  propagation  wavavector*  change 
draaatically  troa  their  low-power  valuea.^’"9  Fortunately,  the  nonlinear  wave  aquation  that  Include*  an 
int*n*lty-d*p*ndant  refractive  index  ha*  been  solved  analytically,5-0  and  nuaarical  solution*  of  th* 
dispersion  relation*  have  (hown  that  th*  r**ulclng  vnvaa  exhibit  maxlaa  In  the  power  that  can  be 
tramaitted  by  thea.  Ha  have  verified  thle  be*ic  prediction  in  e  preiinlnery  experiment,9 


2.  NOHLUnUl  QUID  ID  Hi  VI 8 

(a)  Self-focueeleg  noallaeerltlee 

In  the  gaoaetry  cf  Fig,  1,  we  eatuaa  that  the  cladding  aadlua  ia  charaotariaed  by  •  refteotiva  index 
of  the  fora  n  «  nc  +  nj08  whtra  '  e  tha  local  guided  wave  lntanalty.  The  nonlinear  wave  aquation  that 
auat  be  solved,  tor  exeaple  for  T  wtlerlMd  wavaa  (By),  ie 

VJB«y  +  ko2tnCJ  *  «c*cy2l*By  ■  0  ,  (1) 

where  kn  ■  u/c  and  av  »  nv2c*on»v.  Fot  nj-  >  0,  the  field  aolutionn  In  the  nonlinear  cladding  ere  of  the 
torn5-™  T  T  T 


8cy(n,a) 


\)[*C  C0*h  lqho(*i  -  8)1 


#i(lkox  -  at)  +  ce 


(2) 


where  •  i*  the  affeetlve  guided  wave  Index,  q2  ■  |2  .  n02(  end  «[  can  be  calculated  troa  tha  powar  carried 
by  tha  wave.  In  the  flln  and  eubetrate, 


*fy(0,«)  -  Soy (0,0)  Joo*(xko*)  +  &  t*nh(qko*i)  ait.(xko*)J  , 

<  <  nf  i 

(3a) 

Kfy(0,*)  ■  BCy(0,0)  Fcoah(xko*)  +  ^  sanh(qkQ*j)  iinh(xko»)l  , 

»  >  hf» 

(3b) 

B.yCO,*)  -  Kfy(0,d) 

(3c) 

raapectlvaly,  whera  Ecy(0,0)  ia  glvan  by  Bq.  (2),  aj  ■  8Z  _  n,2, 
lntegratad  optica  tachiuquaa,  dlaparaion  relation*  are  obtained  by 

end  xz  . 

l»2-«f2|. 

Uelng  standard 

*(q  t*nh(qko*i)  +  a] 

““<"k0'0  •  '.tv;,  v..mwi)'  ' 

and 

_  *tq  tanh(qko*[)  +  *1 

tanh(xkod)  -  :  - T  • 

-*2  -  eq  tanh(qkoej) 

•  <  »f. 

(4a) 

1  >  nj  , 

(4b) 

Th*  total  guidad  wave  power  par  nater  cf  wavefront  1*  given  by  Pe 

+  Pf  +  P„ 

where 

end 


Pe  - 


U  “  tanh(koqn)) 


n2o 

v,  _  ®0  i*fyW»*)i2 

■  y  l**0  +  tenh2(k<3q*i))  +  — ^^-■-■(1  -  tenh2(k0q*i)) 

+  tanhdtoqaj)  <1  -  co*(2koxd)))  ,  nf  >  $, 

K4* 0 

*f  “  y  UU  -  tenh2(koq*l»  +  ■  "yK;  O  +  tenh2(i(0q*l)) 


♦  tenh(koq*i)  (co*h(2ko*d)  -  1)]  , 


(  >  n(, 


(3a)  , 
(Jb) 


(5c) 


(5d) 


where  S0  ie  the  guided  wave  Foynting  vector  at  the  flla-cUddlng  lnterfece. 


Since  large  neterlel  nonl  inearl  tie  a  era  uaually  acconpaniad  by  lerge  loot  in  the  notarial,  it  la  uaatul 
to  alao  aetiaate  tha  powar-dapandant  attanuatlon,  Tha  key  aaauaptlon  la  that  tha  flald  diatributlona 
obteinad  troa  aolutlona  in  lossless  nonlinear  waveguide*  nr  *tlll  v*>  „  if  th*  los*  i*  aaell.  Iron  th* 
expansion  of  »•(**■),  end  Maxwell'*  equation*  FxB  and  Vxl,  it  it  eailly  ahown  that 

F.(lyXiy)  «  ■|tt*o*XY>Y>ly*  (6) 

in  the  y'th  aedlun  where  *  »  n„2  -  i«iT,  th*  relative  dielectric  conatant  he*  a  email  iaaglnary  coaponont. 
That  la,  nyz  >  >  «it.  Integrating  over  a  aatll-voluna  alaaant  dV  and  aubatitutlng  in  tarn*  of  th*  guided 
wave  powar  will  lead,  attar  aona  aanlpulatlon,  to 
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ctl) 

/.(Pc  +  Pf  +  P,) 


tlK(z).E*(z)  dz 


(7) 


for  Ch«  imaginary  componant  of  the  effacClva  Index  B  «  fig  -  iBj.  Kara  Py  It  tha  powar  par  unit  dlitanca 
along  tha  vavafront  propagating  in  tha  y'th  medium.  Tha  aubicrlpta  c,  f,  and  a  rafar  to  the  cladding, 
film,  and  aubatrata,  raapectlvaly.  For  a-polarlzad  wavaa, 


*1  “  5s'Rjpc'+ipT”P^  E  •  (8> 

Sample  calculations?  ara  shown  for  «2c  >  0  in  Fig,  2  for  tha  effactlva  mode  indax  B  versus  guided 
wave  power  for  tha  material  system  studied  In  our  experiments,!*  namely  a  glaae  film  on  a  glass  substrate 
with  the  nonlinear  liquid  crystal  MBBA  as  the  cladding.  (njc  >  0  corresponds  to  a  nonlinearity  in  which 
the  refractive  Index  increases  with  increasing  power.)  For  both  the  TEq  and  TEj  modes  that  can  b* 
supported  in  this  wavagulda  geometry  thara  is  a  maximum  in  the  power  that  can  be  transmitted  by  tha 
wavmgelda  for  bounding  media  with  a  positive  nonlinearity.  For  TEq,  the  transmitted  power  drone  with 
increasing  B  aftar  tha  peak  is  reached,  and  than  risas  again  asymptotically  to  tha  powar  associated  with  a 
single  interfaoa  s-polarizad  surface  po.Urlton,6  For  TEj  only,  a  single  maximum  in  tha  guided  wave  power 
is  predicted.  The  corresponding  field  distributions  are  shown  in  Fig.  3.  The  effect  of  increasing  B  is  to 
localise  tha  field  in  rh*  cladding  medium.  Clearly,  thasa  nonlinear  guided  waves  lead  to  optical  limiter 
action. 


Fig,  2.  TEq  and  TEi  guided  wave  poser  versus  the  effective  Fig,  3.  The  field  distributions  associated  with  TEo  and  TE i 
Indax  B  for  waves  guided  by  a  Coming  7039  glass  film  nonlinear  guided  wavse  for  a  nonlinear  cladding. 

(h  ■  2.0  pm)  with  a  ns  *  1,33  subetrsts  and  a 
nonlinear  cladding  (nc  »  1.33,  «  10"^  m2/W). 


The  limiting  action  for  the  case  n?c  >  0  has  been  demonatratad  for  TEj  waves  experimentally  uelng  tha 
apparatus  ahovn  In  Fig.  4.  A  bead  of  liquid  crystal  MBBA  (nc  ■  1,53,  ngc  ■  10“9m2/W)  was  placed  on  top  of 
a  glass  (nj  ■  1.61)  waveguide  deposited  onto  a  microscope  slide  as  s  substrate  (n,  1.52).  Radiation  from 
s  0,315-um  argon-ion  laser  was  coupled  Into  and  out  of  linear  portions  of  the  waveguide  by  strontlum- 
tltanste  coupling  prisms. 

Tha  results'*  ara  shown  in  Fig.  5.  Both  limiting  action  and  hysteresis  wars  observed.  This  hysteresis 
le  a  direct  conaaquanca  of  tha  loaay  nature  n<  tha  liquid  cryatal  medium  and  is  unrelated  to  tha  limiter 
action.  The  powar-dapandent  lose  occurr  because  of  a  power-dependant  mismatch  between  the  guided  wave 
field*  at  the  transverse,  linear-nonlinear  wavagulda  boundaries,  ana  because  of  power-dapsndent 
attenuation  in  tha  nonlinear  medium.  Since  the  nonlinear  bounding  medium  hae  a  high  abeorption  coefficient 
compared  to  that  of  tha  film,  the  attenuation  of  the  guided  wave  should  increase  as  t.a  Increasing  fraction 
of  tha  guided  wave  power  is  propagated  in  tha  nonlinear  medium  caused  by  self-focuesing  (Fig.  2).  As  the 
pover  le  Increased  from  sero,  the  wav*  follow*  the  low  B  side  of  the  dispersion  curve  <TE |  In  Fig.  2)  up 
to  the  maximum  power  point  where  tha  traniaitted  power  reach*!  a  constant  value,  Hyeteres.j  occur*  when 
tha  incident  power  la  dacreaaed  peat  tha  maximum  transmission  value  and  both  branchea  of  tha  B-varsus- 
powar  curve  are  followed  as  the  power  is  split  between  them  (Fig,  2).  The  higher  B  branch  corresponds  to 
stronger  localization  in  the  liquid  crystal  and  therefore  higher  net  losa  until  the  point  where  the  high  B 
branch  terminate*. 


Therefore,  tha  basic  limiting  action  of  the  nonlinear  guided  wav*  solution*  hae  been  confirmed. 

The  nonlinear  wavaa  in  this  experiment  wera  launched  through  the  boundary  between  a  normal  and 
nonlinear  waveguide.  They  could  alio  have  been  excited  by  andflre  coupling  directly  into  the  nonlinear 
wavagulda.  In  both  caaai,  tha  nonllnaar  field  diatributlon*  ara  established  at  the  linear  (or 
alr)-nonlin*ar  waveguide  transverse  boundary,  and  typically  all  other  fields  are  stripped  (or  radiated) 
sway  in  at  most  a  few  tans  of  wavelangtha.  Therefore,  only  a  few  tan*  of  micrometers  art  nssdsd  to 
establish  tha  desired  properties,  and  many  auch  devices  can  be  combined  serially  or  In  parallel. 
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Fig.  4.  The  apparatus  uMd  to  demonstrate  nonlinear  guided 
waves. 


(b)  Seif-dafocusaimg  DonliuitlUai 

The  inherent  problem  with  using  eelf-f ocueslng 
nonllnearltlee  ie  that  the  loweet-order  TEo  solution 
exhibits  only  a  local  (and  not  absolute)  maximum  In 
the  guided  wave  power.  Thera  la  a  maximum  AnMt  by 
which  the  refractive  Index  of  a  material  can  be 
changed  optically,  and  It  le  possible  that  inclusion 
of  this  saturation  effect  will  lead  to  an  absolute 
maximum  in  the  power  that  can  be  transmitted  by  the 
TBq  wave.  However,  a  more  attractive  solution  la  to 
us*  nonlinear  cladding  media  characterised  by  eelf- 
defocusslng  nonllnaarltles.  Aa  wa  now  show,  this 
laada  to  limiting  action  even  with  the  loweet-order 
TE  mode. 

The  nonlinear  guided  wavaa  obtained  in  the 
material  limit  n2C  <  0  have  bean  treated  before.10*11 
In  this  case,  the  solution  to  the  nonlinear  wave 
equation  in  the  cladding  la  given  by 


Pin  tmW) 

Fig.  5.  The  transmitted  versus  Incident  power  for  a  nonlinear 
waveguide  consisting  of  a  liquid  crystal  used  aa  a 
cladding  an  top  of  a  thin  film  glass  waveguide.  The 
results  are  for  the  TE |  wave. 


sCy<*>*> 


einh[qko(si-s)) 


,i(  fkgx-wt)  + 


end  the  fields  in  the  film  end  substrate  are  still 
given  by  Sq.  (3).  but  with  tsnh(qkg«  j)  raplsced  by 
cotanhCqkQt}).  The  dispersion  relations  and  power 
formulae  era  also  still  valid  when  the  earns 
substitution  is  made. 


Optical  limiting  action  can  ba  obtained11  if  one 
(n0  >  n,,  n2C  4  0).  or  both,  of  the  bounding  madia  Is 
charactsrlsed  by  a  eel f-def ocueslng  nonlinearity 
(t\2  v  <  0).  The  results  of  a  detailed  calculation  for 
a  MQW  (multlpla  quantum  wall)  GmAe/<JmAlxAsi.  x  guldad 
wave  etructura  are  glvon  here  (Figs.  6  and  7).  Tha 
nonllnaar  MQW  matarlal  la  assumed  to  ba  characterised 
by  n2c  »  -2  x  10”9  m2/W  end  n0  ■  3.3BJ12t  the 
aubetrete  le  tha  appropriata  bulk  OaAlxAai_x 
composition  for  n,  -  3.38|  and  the  film  of  bulk 
QsAlxAei-x  hae  variable  index  nf(x)  and  thickness.  If 
tha  cladding  la  tha  only  MQW  matarlal.  than  it  ia  tha 
only  ona  that  will  hsva  a  significant  nonlinearity  at 
room  temperature.  We  neglect  loseas,  but  do  note 
that  only  a  small  langth  of  guldad  wave  atructura  is 
necessary  since  tha  nonllnaar  waveguide  prnpartlei 
are  all  established  at  tha  nonllnaar  waveguide 
boundary.  Tha  decrease  in  I  to  waveguide  cut-off 
with  power  la  shown  in  tha  lnaat  of  Mg.  6.  It  can 
easily  ba  shown  that  In  this  limit10 


Fig.  6  The  cut-off  power  tor  the  TEg  wave  versus  Index 
difference  between  the  film  and  nonlinear 
QaA*GaAlxAsj„x  cladding,  Inset  Is  the  affective 
Index  versus  guided  wave  power  tor  ns  «  3.39  and 

Jtl*.  4t.l#|,ww  *4  I  m  ..mm _ 


Fig.  7,  The  cuh-off  power  versus  film  thickness  for  the  TEg 
wave  with  8,  the  effective  Index  fixed  at 
nQ  +  0.2(nf  -  nc)  for  a  GaA»-SeAlxAs)_x  self- 
defocuailng  cladding, 


18-5 


Pc  “  ,  1 

*tO‘*lncn2c 

(10) 

K[ek0*.  +  I) 

tan(koxh)  »  —  * -  >  0  . 

*Jkoai  -  a 

(ID 

The  second  aquation  Implies  that  »i  VO,  which  laada  to  a  flnlta  vxlua  of  Pe  at  cut-off  and  optical 
llaltar  action,  aa  shown  In  rig,  6.  Tuerafora,  Halting  action  la  obtainad  abaa  the  refractive  lndax 
of  the  nonllnaar  b^naflag  aadlaa  la  larger  than  that  of  tha  llaaar  bounding  aadlna  for  negative 
aonllaaarltlaa.  Nota  that  this  1«  tha  lovaat-order  node,  and  whan  It  cuta  off,  no  power  can  be 
trananlttad  through  tha  waveguide,  Tha  variation  In  cut-off  puwar  with  Index  difference  nf  -  nQ  la  alao 
ahown  In  rig,  6,  Tha  thickness  of  tha  flla  waa  choaan  to  give  S  -  nc  +  0.2(nj  -  nc)  for  each  caaa,  A  auch 
aora  dramatic  variation  In  cut-off  power  la  produced  (fig,  7)  by  fixing  nf  and  varying  tha  flla  thlcknaaa 
(and  therefore  t  aa  wall),  Changea  In  Uniting  power  of  five  ordara  of  aagnltuda  can  ba  tuned  by  firing 
tha  required  flla  thickness.  Thaaa  raaulta  indicate  that  Uniting  action  can  ba  produced  at  uaafully  low 
power  lavalr, 


(c)  Leaky  wave  out-off 


Optical  Uniting  action  can  alao  ba  obtained  by  lncraaaing  tha  refractive  index  of  a  nonllnaar 
cladding  aadlua  aora  or  laaa  uni'ormly  until  a  guidad  wava  bacoaaa  cut-off  Into  a  radiation  field  In 
either  tha  cladding  or  aubatrata.  That  la,  for  a  given  thlcknaaa,  tha  axiatenca  of  a  guidad  wava  or  a 
laaky  wava  In  a  guiding  atruotura  depend*  on  tha  refractive  lndax  difference  between  tha  film  and  ona  or 
both  of  the  bounding  aadla,  Aa  tha  power  In  tha  nonllnaar  cladding  lncreaiaa,  lta  lndax  Increase*  bacauaa 
of  tharnal  affect*,  and  tha  higheat-otdar 
excited  node  aovaa  towarde  cut-off.  At  cut¬ 


off,  cnatgy  leak*  out  of  tha  guidad  wava  In 
tha  fora  of  radiation  flalda.  If  nc  >  nf, 
radiation  ooeura  Into  tha  cladding  aadlua. 
Alternatively,  If  n,  >  nc,  power  la  radiated 
into  tha  aubatrata, 

Tha  raaulta  of  an  axperinent  that 
appear*  to  exhibit  this  type  of  behavior  la 
ahown  in  Fig.  8.  Tha  trananlttad  power 
Initially  rlaaa  linearly  with  lncldant  power. 
Further  lncraaaa  In  lncldant  power  laada  to 
dacraaaa  In  tranaaltttd  power  until  vary 
little  la  trananlttad  by  tha  waveguide  via  tha 
nod*  being  launched.  Nota  that  in  thia  caaa 
tha  degree  of  Halting  action  depend*  on  tha 
propagation  dlitanoa  through  tha  nonllnaar 
part  of  tha  waveguide,  contracting  with  tha 
previous  two  eaaas  In  which  tha  Halting 
action  waa  established  at.  tha  tranavsraa 
boundary. 


Pln(mW) 


Fig,  8.  Tha  TMq  guidad  wave  power  Iranamtttad  by  a  aactlor 
of  glaai  wavagutda  wlfh  a  bead  of  fha  liquid  crystal 
on  top. 


3.  MMLUKAB.  DISTUIDTID  CODFLIU 

A  third  unlqua  guidad  wava  approach  to  optical  Uultara  la  to  exploit  tha  very  procaaa  by  which 
radiation  la  coupled  Into  a  thln-flla  waveguide  by  distributed  coupler*  auch  as  a  prism  or  a  grating.  Tha 
gaoaatry  wa  consider  la  ahown  In  Fig.  9. 
light  it  Incident  through  a  priaa  of 

refractive  lndax  np  at  an  angle  to  tha 
surface  noraal,  Ona  of  tha  wavaguldutg  aadla, 
tha  cladding  (gap),  flla,  ot  aubatrata, 

exhibit a  an  lntanalty-dapendent  refractive 

lndax  whoae  change  with  Intensity  (a  given  by 
ngB,  where  a  la  tha  local  guided  wava 
Intensity. 

The  coupling  procaaa  by  which  a  guidad 
wava  la  launched  la  wall  known.  Tha  lncldant 

field  la  written  aa  Fig.  9.  Tha  nonlinear  prtam  ooupler  gaomefry, 


«!«(*,.)  -  jt0ao(x)eik°nP(,ln*Px  -  «»V>  "  iut  ♦  cc  (12) 

where  ao(x)  daacrlbae  tha  lncldant  field  distribution  along  tha  propagation  direction,  typically  Oauaelan. 
Tha  guidad  wava  field  at  tha  tlla-dadding  Interface  la  written  aa 


■(a)  -  •5ag(x)a1<'kOx  "  “t}  +  cc  .  (13) 

Hare  ag(x)  la  tha  guidad  wava  field  amplitude.  Assuming  that  ona  of  tha  guiding  media  has  an  lntanalty- 
dapendent  refractlv*  Index  and  that  the  principal  affact  of  the  nonlinearity  la  to  produce  a  power- 
dependent  guidad-wave  wavavactor,  thia  wavavactor  can  ba  written  In  tha  form1 
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8  -  8u  +  116) 

where  Fg  le  the  guided  wave  power  per  millimeter  (measured  along  the  wavefront)  and  the  coefficient  46,  is 
cilculated  from  the  guided  wave  nonllnearitiee.  The  nonlinear  coupling  process  discussed  here  usually 
occurs  at  power  levels  one  order  of  magnitude  lass  than  that  required  frr  nonlinear  guided  waves.  The 
variation  in  guided  wave  index  with  power  corresponds  to  the  linear  portion  of  the  curves  in  Fig.  2.  A 
coupled-mode  computational  approach  is  adequate  for  the  calculation  of  46q,  The  coupling  equation  that 
describes  the  exchange  of  energy  between  the  incident  and  guided  wave  i»3 

jj-ag(x)  -  U0<*).1(nPkO,ln,P“l,0_A#0P«)x  l-l«g<x>  05) 

Awh*ra  i  is  the  characteristic  distance  for  reradlatlon  of  the  guided  wave  field  back  Into  the  prlem  and 
is  the  transfer  coefficient  that  is  easily  calculable  from  tha  waveguide  parameter*. 

A  calculation  of  tlta  in-coupled  versus  incident  power  is  shown  In  Fig.  10.  As  the  waveguide  power 
grows  with  propagation  dlstsnca,  the  wavsvactor  mismatch  between  the  incident  and  guided  wave  fields 
lncreasas  (that  is,  ASko  •  -AiokoPg  i*°  initially  assuming  npk,slntp-t,)  end  coupling  synchronism  (defined  by 
4#“0)  is  lost.  The  net  result  Is  that  coupling  efficiency  decreases  with  lmereasimg  power,1 *  leading 
directly  to  an  optical  Halter,  at  indicated  in  Fig.  10. 


A  preliminary  experiment  has  bean  performed  to  test  this  concept.*  Liquid  crystal  MBBA  was  placed 
between  a  coupling  prism  and  a  Corning  7039  glees  film  deposited  onto  e  silica  glass  substrata.  The 
coupling  efficiency  was  measured  by  coapering  tha  power  coupled  out  by  e  necond  linear  coupler  to  tha 


power  incident  on  the  input  coupler.  Tha  result*  *r*  shown  in  Fig.  11.  Thera  is  dear  indication  of 
nonlinear  coupling  leading  to  optical  limiting  action. 


■  — Sxxesehg  Wsnedy 
---  Decreeeing IntewKy 
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H,  (mW/mni) 

Fig.  10.  Theoretical  calculation  of  lha  wsvsgulds  versus 
Incldsnt  powsr  for  a  nonlinear  prism  ooupler  with 
l/wo  *  'A  wq  «  0.63  mm,  and  a  ■  100  em-'.  At 
an  Incident  power  of  *800  mW,  the  coupling 
efficiency  was  re-optimized  (by  varying  the 
Incidence  angle)  and  then  the  Incident  power  reduced 
to  zero. 


Fig.  11.  The  guided  wav*  power  versus  power  Incldsnt  onto  a 
coupling  prism  for  a  nonlinear  coupler  consisting  of  a 
liquid  crystal  (cladding),  a  Coming  7039  glass  film, 
and  a  aode-llma  glass  substrata. 


It  Is  interesting  to  note  that  tha  operation  of  a  nonlinear  out-uouplar  la  different  from  the  input 
coupler.  In  the  out-coupling  procesa,  tha  direction  of  the  radiation  field  la  determined  by  tha  local 
guldsd-weve  wavsvactor.  Therefore,  It  is  eutometicnlly  always  synchronised  to  the  guided  wav*.  Reversing 
the  input  and  output  in  Fig.  9.  w*  found  the  transmitted  intensity  to  remain  linear  with  input  power,  aa 
oxpactad. 


One  of  tha  key  features  of  thib  type  of  limiter  1*  the  highly  directional  radiation  accepted  by  tha 
prlam  coupler.  Therefore,  not  only  doaa  it  limit  tha  powor  accepted  over  e  small  solid  angle,  such  as  a 
distant  source,  it  also  very  efficiently  rejects  alectromagnatlc  tnergy  that  is  not  incident  at  the  correct 

angle. 
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DISCUSSION 


A.Kohnle,  Oe 

You  showed  an  optical  limiter  into  which  radiation  is  coupled  by  a  prism.  Can  you  say  something  about  the  acceptance 
angle  restrictions  or  field  of  view  of  such  a  device? 

Author's  Reply 

The  typical  numerical  aperture  is  few  minutes  of  arc. 
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PIN-FET  PREAMPLIFIER  FOR  HIGH-SPEED  OPTICAL  TRANSMISSION  SYSTEMS 


8. Schwaderer 

ANT  Nachrlchtentechnlk  GmbH 
GerberstralJe  33,  7150  Backnang,  FRG 


Summary 

The  design  of  a  hybrid  integrated  PIN-FET  trans Impedance  preamplifier  is  given  for  long- 
haul  optical  transmission  systems  at  1,3  pm  wavelength  with  bit  rates  of  140  Mbit/s  and 
5b5  Mbit/s.  The  preamplifier  uses  a  GalnAa/InP  PlN-photodiode  with  a  dark  current  of 
less  than  10  nA,  a  high  spectral  responiivlty  of  greater  than  0.7  A/W  at  5V  bias  supply 
and  a  GaAs-MESFET  with  45  mS  transconductance  and  about  0.7  pF  Input  capacitance.  Using 
translmpedance-resistors  of  50  kn  and  25  kn  the  design  goals  of  receiver  sensitivi¬ 
ties  are  -43  dBm  for  the  140  Mbit/s  system  and  -36.7  dBm  for  the  565  Mbit/s  system  res¬ 
pectively  for  BERilO'9  .  The  measured  values  of  -  42.8  dBm  and  -  35.8  dBm  Including 
connector  losses  are  within  the  predicted  ranges. 


1,  Introduction 

The  development  of  multi-mode  graded-lndex  fibers  and  single-mode  fibers  with  low  loss 
and  high  bandwidth  in  the  long-wavelength  region  (  X*  1.1  pm  -  1.6  pm)  has  spurred 
the  demand  for  high-speed  optical  transmission  systems,  covering  the  PCM  (Pulse-Code- 
Modulation)  transmission  systems  hierarchy  of  140  Mbit/s  and  565  Mbit/s. 

One  of  the  key-elements  of  such  systems  is  the  optical  receiver.  As  the  transmitted 
output  power  of  the  laser  diodes  used  1$  fixed  because  of  life-time  reasons,  the  recei¬ 
ver  sensitivity  Is  one  of  the  main  figures  affecting  the  maximal  transmission  distance 
without  repeaters. 

At  present  time  for  bit  rates  up  to  700  Mblt/s,  the  optical  receiver  is  based  on  either 
a  Germanium  avalanche  photodiode  (Ge-APO)  in  conjunction  with  a  low-noise  bipolar  tran¬ 
sistor  preamplifier  or  an  Indium-Gallium-Arsenida  PIN-photodiode  (InGaAs  PIN)  hybrid 
integrated  with  a  low-noise  GaAs-MESFET  preamplifier. 

PIN-FET  receivers  can  have  a  better  receiver  sensitivity  than  Ge-APO  receivers  /I/  and 
they  don't  require  a  stabilization  of  the  high  voltage  bias  supply  and  of  the  tempera¬ 
ture.  Thus  this  paper  shows  the  design  of  PIN-FET  preamplifiers  for  optical  receivers. 


2.  Basic  Design  Prlnclplas 

The  goal  in  the  design  of  an  optical  receiver  is  to  minimize  the  amount  of  optical  po¬ 
wer  necessary  at  the  rec<,:»er  input  to  achieve  a  given  bit  error  rate  (BER)  in  digital 
systems.  This  optical  power  r  is  usually  measured  in  dBm  (0  dBm  «  1  mW)  and  referred  to 
as  receiver  sensitivity.  To  optimize  the  sensitivity,  the  photocurrent  generated  by  the 
detected  power  P  must  be  converted  to  a  usable  signal  Vout  for  further  processing 
with  a  minimum  amount  of  noise  added,  Fig, la.  The  preamplifier  is  defined  as  the  first 
stage  or  stages  of  amplification  following  the  photodiode.  Beside  the  detector  the 
preamplifier  is  the  dominant  source  of  noise  added  to  the  signal.  Thus  the  main  noise 
sources  are:  the  shot-noise  of  the  photodiode  current,  the  thermal  noise  of  the  resi¬ 
stor  used  to  provide  a  dc-roturn-path  for  the  detector  current,  the  shot-noise  of  the 
gate  leakage  current  and  the  noise  contribution  of  the  channel  conductance  of  the  FET. 

Fig.  lb  depicts  the  noise  equivalent  circuit  of  the  receiver  input  stage.  The  signal 
current  U  is  generated  by  the  Incident  light  of  power  P  and  given  by 

is  •  Sx  ■  P  (II 


where  the  spectral  responsivity  Sx  of  the  photodiode  depends  on  the  quantum  efficien¬ 
cy  of  the  diode  and  of  the  photon  energy  or  wavelength.  Sx-,  ranges  from  0.7  to  0.9  A/W 
at  1.3  to  1.6  pm  typically.  The  shot  noise  current  source  l*  with  the  density 

~  7R  (V  *0  !  (21 

(q  is  the  electronic  charge)  represents  the  noise  contribution  of  the  signal  current  is 
and  the  dark  current  Ig  of  the  diode,  Cq  Is  the  depletion  capacitance  of  the  diode. 
The  bias  resistor  R  is  associated  with  a  thermal  noise  current  ig  of  density 
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(Boltzmann's  constant  k,  absolute  temperature  T).  Cs  is  any  stray  capacitance  of  the 
circuit.  The  Input  equivalent  noise  sources  of  the  FET  with  the  input  Impedance  Z|n 
originate  from  the  gate  current  I3 . 


and  the  channel  conductance 


(gm  transconductance, 
GaAs-MESFET  IV). 
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where  C|n  Is  composed  of  the  gate-source-capacitance  and  the  drain-gate-capacitance.  A 
detailed  analysis  shows,  that  the  bit  rate  dependence  of  the  total  noise  due  to  the 
bias  resistor  and  the  FET  becomes  / 3/ 
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(CT  «  Cd  +  c«  +  C|P  i  lj  ,  Ij  calculation  figures  dependent  on  the  shape  of  the  signal 
pulses;  fg  bit  rate). 

To  minimize  the  noise  contributions  of  the  FET,  a  QaAs-MESFET  is  commonly  used,  selec¬ 
ted  for  low  input  capacitance,  high  transconductance  and  low  gate  leakage  current.  To 
reduce  the  thermal  noise  contribution  of  the  dc-return  resistor  Rg  (Fla. 2)  for  the  pho¬ 
todiode,  the  value  of  the  resistor  should  be  as  large  as  possible,  typically  1  to  5  Mn  . 
When  Rgis  large  the  input  admittance  Is  dominated  by  the  total  Input  capacitance  Cy  and 
the  frequency  response  of  the  front-end  has  a  low  cut-off  frequency  fen  ,  typically  20 
to  100  kHz.  Tills  design  Is  refered  to  as  high  impedance  front-end.  For  digital  signals 
with  clock  frequencies  f ci  *  few  «  carefully  adjusted  equalization  is  necessary  to 
reshape  the  signal  pulses.  In  many  cases  the  equalization  Is  dona  by  using  a  diffe¬ 
rentiator  which  attenuates  the  low  frequency  components  of  the  signal  and  thus  restores 
a  flat  frequency  response.  Although  the  high  impedance  front-end  I*  capable  of  reducing 
the  noise  to  on  absolute  minimum  73/ ,  this  design  has  several  drawbacks: 


0  The  equalization  has  to  be  adjusted  to  compensate  the  frequency  dependence  of  the 
input  admittance,  which  varies  from  front-end  unit  to  unit. 

0  The  equalization  exactness  depends  on  the  signal  spectrum. 

0  The  dynamic  range  is  reduced  because  the  building  up  of  the  low  frequency  signal 
components  within  the  front-end  leads  to  saturation  at  high  input  signal  levels. 
0  circuits  for  temperature  compensation  of  the  operating  points  have  to  be  added. 


These  drawbacks  are  not  given  in  the  transimpedance  front-end  design  (Fig. 3),  where  the 
shunt  feedback  resistor  Rp  additionally  acts  as  dc-return-reslstor  of  the  photodiode. 
If  Rf  has  the  same  value  as  Rg,  the  noise  of  the  translmpedarice  front-end  is  the  same 
as  that  of  the  high  impedance  front-end.  Assuming  the  same  total  input  capacitance  (> 
and  a  frequency  Independent  open  loop  gain  A  of  the  amplifier,  the  frequency  response 
of  the  transimpedance  front-end  has  a  cut-off  frequency  fq  which  Is  by  the  factor  A 
higher  than  fcH •  If  fcT  Is  greater  than  half  the  signal  clock  frequency  no  additional 
signal  equalization  Is  needed. 


In  practice  the  noise  performance  of  the  transimpedance  front-end  Is  not  as  good  as 
that  achieved  with  the  high  Impedance  front-end.  The  reasons  are; 

0  The  open  loop  gain  Is  limited,  thus  Rf  Is  limited  if  there  Is  no  equalization  con¬ 
sidered. 

0  Shunt  feedback  amplifiers  with  high  gain  tend  to  oscillate  with  increasing  feedback 
resistor. 

0  The  stray  capacitance  Cf  of  the  feedback  resistor  increases  the  total  Input  capaci¬ 
tance  thus  reducing  the  bandwidth. 

These  drawbacks  of  the  transimpedance  design  are  not  so  severe  than  those  of  the  high 
impedance  concept. 

Thus  In  spite  of  somewhat  reduced  receiver  sensitivity  P I N - F fe T  transimpedance  preampli¬ 
fiers  are  used  In  our  optical  transmission  systems  for  bit  rates  of  140  and  565  Mbit/s. 
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3.  PIN-FET  Preamplifier  for  i 40  and  56S  Mbit/s 


Fig. 4  shows  the  principle  circuit  of  the  140  Mbit/s  front-end.  The  detector  is  a  back¬ 
side  illuminated  mesa  type  InGaAs/InP  PIN-photodlode  for  the  1.1  to  1.6  pm  wavelength 
region.  Within  this  wavelength  region,  the  optical  responsivity  is  greater  than  0.75 
A/W.  The  active  area  has  a  diameter  of  90  pm.  At  a  reverse  bias  of  5  V,  the  diode  has  a 
dark  current  lower  than  10  nA  and  a  depletion  capacitance  of  about  0.4  pF. 

The  preamplifier  consists  of  a  wellknown  cascode  stage  with  a  GaAs- MESFET  input  tran¬ 
sistor  and  a  bipolar  microwave  Si-transistor  of  pnp-type  and  two  additional  emitter 
followers.  The  GaAs  MESFET  has  a  transconductance  of  >40  mS  and  an  input  capacitance 
of  <0,7  pF.  The  open  loop  total  input  capacitance  Cr  Is  in  the  range  of  1.2  to  1.6  pF. 
The  shunt  feedback  resistor  Rp  »  50  ko  is  a  thin  film  hybrid  integrated  chip  resistor 
with  minimum  stray  capacitance  Cp  (compare  Fig. 3).  The  influence  of  Cp  on  the  frequen¬ 
cy  response  of  the  preamplifier  is  compensated  within  the  feedback  loop.  The  overall 
electrical  3-dB-bandwldth  of  this  PIN-FET  receiver  is  calculated  to  110  MHz,  the  measu¬ 
red  value  is  109  MHz.  Fig. 6  shows  the  calculated  and  measured  receiver  sensitivity  of 
the  front-  end.  The  minimum  mean  optical  power  for  BER  ■  )0'9  is  calculated  and  measu¬ 
red:  -  43.5  dBm  and  -  42.8  dBm  respectively.  The  measurements  are  performed  at  1.3  pm 
wavelength,  a  bitrate  of  170  Mblt/s  (140  Mbit/s  including  a  5B6B  line  code)  and  a  pseu¬ 
do  random  signal  with  a  period  of  2?-1  bit. 


The  circuit  of  the  566  Mbit/s  front-end  is  given  in  Fig. 6.  In  principle  it  is  the  same 
cascode  stage  as  at  140  Mbit/s.  The  shunt  feedback  resistor  is  reduced  by  a  factor  of 
two  to  R  ■  25  kn  and  the  receiver  bandwidth  is  increased  to  400  MHz.  This  bandwidth 
Increase  is  reached  by  inserting  an  equalizing  amplifier  stage  between  the  emitter 
followers.  The  overall  electrical  3-dB-bandwidt.h  is  calculated  to  400  MHz  and  measured 
to  425  MHz.  Fig. 5  shows  the  receiver  sensitivity  of  this  receiver  as  well.  The  minimum 
optical  power  for  BER  ■  10*9  is  calculated  and  measured:  -36.9  Bm  and  -35.8  dBm  respec¬ 
tively. 


These  receiver  sensitivities  are  comparable  to  published  values  reached  by  the  use  of 
Ge-APD-recelvers  with  -40.5  dBm  at  170  Mblt/s  /I/  and  -38  dBm  at  565  Mblt/s  /4/. 

4.  Conclusion 


The  design  of  hybrid  Integrated  PIN-FET  preamplifiers  is  given  for  optical  transmission 
systems  In  the  long  wavelength  region.  Two  amplifier-designs  are  commonly  used  with  a 
GaAs-MESFET  of  high  transconductance  (  ►  40mS)  and  low  input  capacitance  (<0.7pF)  as  an 
input  transistor:  a  high  impedance  design  and  a  transimpedance  design.  The  first  one 
requires  careful  frequency  response  equalization  and  has  low  dynamic  range.  The  second 
one  shows  about  1-2  dB  lower  receiver  sensitivity  than  the  first,  but  has  higher  dyna¬ 
mic  range,  no  stability  problems  and  is  Insensitiv  to  tolerances  of  the  used  active 
components. 

Trans  Impedance  PIN-FET  preamplifiers  for  optical  transmission  systems  at  1.3  pm  wave¬ 
length  with  bitrates  of  170  Mbit/s  (140  Mblt/s,  line  code  5B6B)  and  565  Mbit/s  are 
presented.  With  translmpedance-reslstors  of  50  kn  and  25  kn  the  design  goals  of  recei¬ 
ver  sensitivities  are  -  43  dBm  and  -  37  dBm  respectively  for  BER  s  10‘9  .  The  measured 
values  of  -  42.8  and  •  35.8  dBm  including  connector  losses  are  within  the  predicted 
ranges. 
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DISCUSSION 


S.Walker,  UK 

(1)  Are  1/f  noise  terms  Important  in  your  description?  (2)  Do  you  include  intersymbol  interference  effects  in  your 
transimpedance  bandwidth  calculation? 

Author's  Reply 

(1)  The  1/f  noise  terms  were  not  found  to  be  Important,  (2)  The  receiver  bandwidth  Is  made  large  enough  to  remove 
I.S.I.  effects. 


P.Delmel,  Oe 

What  is  the  advantage  of  FETs  at  high  bit  rates  compared  to  bipolar  devices? 

Author's  Reply 

Two  aspects  have  to  be  considered:  the  FET  gate  leakage  current  is  of  the  order  of  5,10  nA,  where  as  the  bipolar  device 
needs  a  base  current  of  100  to  200  pA  this  has  higher  shot-noise,  To  overcome  this  noise  one  has  to  use  a  sophisticated 
design  APD,  which  is  not  yet  available  (in  In-P-tcchnology);  the  collector-base-cupacltance  of  the  transistor  acts  as 
Miller-capacitance,  This  capacitance  has  to  be  compared  to  the  stray  capacitance  C,,  of  the  feedback  resistor.  One  has 
to  optimize  between  these  aspects  which  leads  to  a  FET-Input  stage. 
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Summary 

By  employing  a  hybrid  technology  uilng  electronic  and  optical  Integration,  optical  Itolatlon  level* 
can  be  attained  In  a  twitch  matrix  without  the  need  to  twitch  light.  Bandwidth*  of  teveral  GHz, 
*ubnanosecond  switching  time  and  crosstalk  below  60  dB  have  been  demonstrated  In  monollthlcally  Integrated 
optoelectronic  twitch  matrices.  These  device*  show  high  promise  a*  central  switches  In  star  configuration 
communication  system*  after*  very  high  bandwidth  or  very  large  array  size  It  required.  Advantages  over 
foreseeable  alternative  technologies  Include  size  and  power  consumption  at  well  as  performance.  In 
addition,  optoelectronic  switch  matrices  have  unique  properties  that  suggest  their  application  In  a  number 
of  signal  processing  situations  where  precise  broadband  signal  delays  are  required,  such  as  In  the  phasing 
of  arrays,  or  the  production  of  tunable  filters.  Recent  work  In  these  areas  will  be  described. 


1.  Introduction 

Optical  transmission  has  advanced  very  rapidly  In  the  telephone  network  because  of  the  low  losses 
and  high  digital  rates  that  can  be  attained.  The  Immunity  of  optical  transmission  to  signal  leakage  has 
also  bean  Important  for  military  applications  where  security  Is  a  concern.  This  feature  can  be  of  use  In 
applications  other  than  transmission.  A  notable  example  Is  In  broadband  matrix  switches,  where  signal 
paths  In  clot*  proximity  must  not  crottcouple,  even  at  high  frequency. 

Although  the  leakage  Immunity  of  optical  waveguide  signal  distribution  and  the  absence  of  any  need 
to  match  the  Impedances  of  the  distribution  lines  to  switches  are  advantageous  for  matrix  switch  design, 
what  Is  lacking  at  present  Is  a  suitable  optical  crostpolnt  switch.  Light  can  be  switched  In  a  variety  of 
ways.  Optical  twitch  matrices  have  been  made  with  optomechanical  switches  In  which  fibres  or  prisms  are 
physically  moved  [1,2].  with  electro  optic  devices  employing  controlled  coupling  between  single  mode 
waveguides  [3],  and  with  multimode  waveguide  switches  based  on  total  Internal  reflection  [4j.  None  of 
these  devices,  however.  Is  entirely  suitable  for  large  scale  switching  of  high  frequency  signals,  because 
of  slow  switching  action,  excessive  crosstalk,  high  Insertion  loss  or  large  size.  All  are  In  an 
experimental  stage  of  development. 

In  this  paper  we  report  recent  developments  In  an  alternative  form  of  photonic  switch  matrix  that 
takes  advantage  of  optical  signal  distribution  but  avoids  the  need  to  switch  light.  This  method  employs 
optoelectronic  detectors  as  crosspoint  switches.  Signals  are  distributed  to  the  detectors  via  an  optical 
distribution  network  at  shown  In  Fig.  1.  The  crostpolnt  photodetector t  convert  these  Incoming  optical 
signals  to  electrical  ones  which  arc  than  summed  up  Into  output  ports.  Switching  occurs  because  the 
detection  of  the  optical  signals  Is  controllable:  the  photodetectors  can  be  rendered  sensitive  or 
Insensitive  by  appropriately  blasting  them  t5,6].  The  overall  performance  of  the  matrix  Is  determined  by 
the  switching  performance  of  the  photodetectors  and  by  the  electromagnetic  coupling  among  the  output 
lines.  In  principle  the  letter  can  be  made  arbitrarily  small  because  no  electrical  lines  need  cross;  the 
only  crossings  occur  between  electrical  and  optical  lines.  Therefor*  any  derived  form  of  electrical 
Isolation  can  be  Inserted  between  output  lines.  In  practice,  as  we  will  show,  the  Isolation  can  be  very 
good  even  In  very  compact  Integrated  arrays.  Aspects  of  these  switching  matrices  that  areexpected  to  be 
of  importance  In  military  applications  are  the  simplicity,  reliability  and  small  size  that  can  be  achieved 
by  Integrated  optoelectronic  fabrication  techniques  for  which  these  matrices  are  well  suited,  and  the 
broad  band  performance  available.  Applications  to  signal  processing  may  be  of  particular  Importance. 


20-2 


OUTTUft  SUTtVTI  OUTfUTI  MtULATHM  WAL'J  <M| 


INPUT  1 


Fig.  1.  Schematic  diagram  of  an  optoelectronic  twitch  matrix.  Input  signal!  are  converted  to  light  and 
distributed  In  that  form  to  the  crosspolntt.  Output  electrical  signals  are  generated  In  the 
on-sta  te  crosspoint  photodetectors  and  summed  Into  the  output  lines. 


2.  Optoelectronic  Switch  Matrices 

A  number  of  different  photodetectors  have  been  reported  at  optoelectronic  crosspoint  twitches 
[7-11].  In  general  very  high  Isolation  (over  90  dO  at  1  GHz)  can  be  obtained  with  bipolar  devices, 
whereat  more  convenient  fabrication  and  operation  It  achieved  with  photoconductors,  which  have  Isolation 
between  SO  and  70  dB.  Overall,  QaAs  photoconductors  seam  to  be  the  most  promising  devices  for 
optoelectronic  switching,  because  of  their  very  broadband  response  and  the  ease  with  which  they  can  be 
Integrated  with  each  other  [12]  and  with  QaAs  field  effect  transistors  In  monolithic  optoelectronic 
Integratod  circuits.  This  paper  will  be  chiefly  concerned  with  QaAs  photoconductor  crosspoint  switches, 

A  typical .QaAs  ghotoconductor  switch  that  we  have  studied  consists  of  a  mesa  of  epitaxially  grown 
QaAs  (n  ■  I  x  10  cm"  ,  1  um  thick)  over  which  Interdlgltated  contacts  are  formed  with  evaporated 
AuNIQa,  with  a  contact  spacing  of  5  um.  The  sensitive  area  has  a  100  um  diameter.  The  frequency  response 
of  such  a  detector  between  900  MHi  and  1.8  QHz  Is  shown  In  Fig.  3.  The  response  Is  essentially  flat  from 
DC  to  1.76  GHz.  To  obtain  the  response  shown  In  Fig.  3  a  nominal  bias  of  2  V  was  applied  resulting  In  a 
bias  currant  of  10  mA,  The  detector  was  mounted  In  a  microstrip  blessing  and  decoupling  circuit.  The 
optical  signal  was  supplied  hy  a  currant  modulated  laser  diode  operating  at  0.82  um  wavelength,  at  an 
average  Incident  power  of  1  mw  via  a  butt -coupled  optical  fibre.  The  overall  responslvlty  of  the  detector 
1r.  about  0.3  A/W,  which  Is  close  to  calculated  values  and  shows  evidence  of  Internal  photo  current, 
amplification  due  to  the  photoconductlva  gain  mechanism.  The  noise  equivalent  power  Is  about  10 
W/fHz.  The  photoconductor  thus  has  similar  performance  to  a  broadband  p.I.n.  diode  but  has  higher  bias 
current  and  correspondingly  higher  noise,  as  well  as  faster  switching  times  and  lower  operating  voltage. 


Fig.  2.  Response  of  a  mkrostrlpllne-mounted  QaAs  photoconductor  to  1  a  mW  optical  signal  at  820  nm 
wavelength.  Flat  response  Is  achieved  between  1  MHz  and  1.76  GHz.  Bias  voltage  Is  2  V,  bias 
current  10  mA,  contact  spacing  Is  5  vm. 
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The  twitching  performance  is  Indicated  in  Fig,  3,  which  represents  the  response  of  the  same  device 
between  300  MHz  and  1.3  GHz  when  the  photoconductor  is  blasted  (upper  trace)  or  unbiassed,  l.e.  either  In 
an  open  circuit,  or  with  bias  supply  grounded  (lower  trace).  The  rollof  in  on-state  signal  below  300  MHz 
is  due  to  a  high-pass  circuit  in  the  laser  driver,  and  is  not  an  intrinsic  property  of  the 
photoconductor.  The  response  to  the  optical  signal  is  reduced  by  about  SO  dB.  The  residual  response  in 
the  unbiassed  off-state,  which  is  about  10  dS  above  the  detector  noise  floor,  is  attributed  to 
photovoltaic  effects,  anu  may  be  eliminated  by  advances  in  fabrication  technology.  Other  similar  devices 
nave  up  to  70  dB  Isolation,  These  results  indicate  that  the  photoconductor  can  be  used  as  a  crosspoint 
switch  with  high  isolation  over  the  frequency  range  0-2  GHz. 


Fig.  3.  Switching  performance  of  the  above  device.  The  upper  trace  shows  the  response  whon  biassed.  The 
lower  trace  shows  the  response  when  unbiassed.  (The  rolloff  below  300  MHz  is  due  to  the 
transmitter  drive  circuit).  Mora  than  50  dB  Isolation  it  obtained.  Other  devices  have  shown  up 
to  70  dB. 


The  speed  with  tfclch  the  crosspolnts  can  change  state  is  Important  in  many  applications.  Fig.  4 
demonstrates  the  gating  of  a  high  speed  pulse  by  a  photoconductive  crosspoint  switch  [13].  The  detector's 
response  to  the  pulse  (which  Is  offset  by  the  right  for  clarity)  Is  visible  only  If  bias  voltagt  Is 
applied.  Switching  spesds  below  1  ns  were  Indicated  by  this  method.  Indirect  measurements  using  a  mixing 
technique  suggest  that  the  switching  time  Is  lass  than  250  p.s. 


Fig.  4. 


I)  Bias  pulse  monitor  :  1  v/div  1  ns/dlv. 

II)  Laser  pulse  monitor  :  5  mv/dlv  1  ns/dlv. 

(ill)  Photoconductor  response:  2  mv/dlv  50  ps/dlv. 

Response  of  GaAs  photoconductors  when:  (a)  (11)  Is  ahead  of  (1),  off  condition,  (b)  (1i)  is 
within  (1),  on  condition,  (c)  (11)  is  after  (1),  off  condition.  The  photoconductor  response 
(ill)  is  deliberately  offset  to  the  right  for  clarity. 
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To  test  the  concept  of  broedbend  matrix  switching  with  photoconductors  we  have  constructed  a 
breadboard  3x3  photoconductlve  matrix  switch  [14]  as  shown  In  Fig,  5.  Three  shielded  laser  transmitters 
mounted  on  microstrip  biassing  circuits  are  In  the  brass  housings  at  the  left.  The  three  optical  signals 
are  coupled  Into  multimode  optical  fibres  with  100  u  cores,  and  split  by  the  three-way  blconl cal  taper 
optical  fibre  power  dividers  [15]  mounted  on  glass  slides  at  the  centre.  Each  signal  Is  delivered  to  one 
pnotoconductlve  detector  connected  to  each  output  line  at  the  bottom.  The  three  photoconductor 
crosspoints  serving  each  outgoing  line  are  monollthlcally  Integrated  and  the  optical  fibres  delivering  the 
signal  are  butt-coupled  and  fixed  with  epoxy.  The  performance  of  each  crosspoint  Is  shown  In  Fig.  6, 
where  all  possible  signal  connections  are  depicted  In  a  matrix.  These  results  demonstrate  the  feasibility 
of  optoelectronic  matrices  for  handling  very  broadband  signals.  The  results  shown  cover  0-1.3  SHz. 
Measurements  at  3.8  SHz  yielded  45  dB  Isolation  for  most  crosspoints,  the  reduced  value  being  due  to 
rolloff  In  the  laser  output  and  detector  response  at  high  frequency.  With  new,  high  frequency  laser 
diodes,  optoelectronic  matrices  are  expected  to  maintain  at  least  60  dB  Isolation  over  the  bandwidth  of 
the  detectors. 


Fig.  5.  Breadboard  3x3  optoelectronic  switch  matrix  for  1  SHz.  Input  signals  drive  three  lasers  at  left. 
Optical  power  Is  divided  3  ways  In  each  of  the  blconlcal  taper  couplers  mounled  on  glass  slides. 
Signals  are  delivered  to  monolithic  3x1  arrays.  Control  Is  by  bias  voltages  applied  to  the 
detectors. 


Fig.  6.  Performance  of  the  breadboard  array.  Each  photo  shows  on-ctate  and  off-state  for  e  signal 

appllad  to  the  r.orres,>ond1ng  Input  (at  left)  end  transmitted  to  the  cori espondlng  output  (along 
bottom) . 
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The  promise  of  optoelectronic  switching  depends  on  the  Integration  of  the  detector  arrays.  Initial 
efforts  to  demonstrate  monolithic  arrays  [12]  have  yielded  excellent  results  up  to  about  100  MHz,  as  shown 
In  Fig.  7.  Isolation  Is  70  dB,  crosstalk  between  electrical  lines  is  below  80  dB.  At  higher  frequencies, 
however,  crosstalk  among  the  electrical  output  lines  posed  a  severe  limitation.  Further  Investigation 
using  monolithic  arrays  mounted  In  carefully  designed  alumina  mlcrostrlpllne  biassing  and  decoupling 
networks  have  yielded  very  promising  results. 


Fig,  7.  Crosstalk  measurements  over  the 
frequency  range  0-130  MHz  for  an 
experimental  monolithic  2x2  array  - 
typical  case,  The  output  crosstalk  Is 
about  80  dB  below  the  signal,  and  the 
switch  crosstalk  between  60  and  70  dB 
below  the  on-state  response.  The 
package  actually  contains  a  5x5 
crosspoint  array  of  which  only  a 
submatrix  Is  connected. 


We  have  characterised  the  switching  performance  of  monolithic  GaAs  photoconductor  arrays  consisting 
of  elements  spaced  100  um  apart.  A  shielding  mese  and  metallization  was  provided  around  the  detectors  and 
covering  the  area  between  them.  Over  the  band  0-1,3  GHz,  crosstalk  Is  below  45  dB  for  nearest  neighbours, 
and  below  50  dB  for  detectors  spared  by  500  wn  [16].  This  result  shows  the  feasibility  of  Integrated 
photodetector  arrays  to  switch  high  rate  data  and  wideband  analogue  signals,  for  example  FH  video. 

The  Integrated  fabrication  of  a  developed  optoelectronic  switch  array  must  ultimately  Include  the 
summing  points  shown  In  Fig.  1,  bias  control  circuits  for  the  photodetec tors,  and  preamplifiers  for  the 
detected  signal,  as  well  as  the  optical  distribution  waveguide.  With  detectors  such  as  photoconductors 
vfcose  off-state  is  a  zero-bias  condition,  the  summing  of  the  signals  Is  easily  achieved  onboard  the  chip 
by  connecting  all  the  photodetectors  serving  one  output  line  to  a  common  load.  A  slngla  pre-amplifier  Is 
thus  needed  nr  each  output  line.  The  preamplifier  and  the  bias  control  circuits  can  ba  made  using  GaAs 
FETs  which  are  easily  Inlagrated  using  the  photoconductor  fabrication  process.  The  optical  waveguide  Is 
moreproblematlc.  We  are  presently  experimenting  with  a  hybrid  Integrated  arrangement  In  which  the 
distribution  waveguides  are  fabricated  by  Ionic  Interchange  In  a  glass  substrate.  Light  Is  coupled  out  of 
these  waveguides  normal  to  the  surface  by  a  perturbation.  The  Integrated  arrays  of  GaAs  photoconductors 
are  mounted  face-down  on  the  glass  waveguide  substrate  to  that  a  portion  of  the  light  In  each  waveguide  is 
coupled  by  the  perturbations  Into  each  detector.  The  glass  substrate  also  carries  a  metallization  and 
performs  simultaneously  the  role  of  a  circuit  board  on  which  numerous  GaAs  detector  arrays  can  be  mounted. 

Each  connection  through  an  optoelectronic  matrix  can  be  viewed  as  an  optical  communications  link 
with  optical  source,  transmission  waveguides,  and  receiver.  On  a  per-crosspolnt  basis  the  power 
consumption  of  the  matrix  Is  low.  Under  ordinary  conditions  a  maximize  of  n no  crosspoint  per  output  line 
Is  In  the  on-state.  The  rest  draw  no  current.  Each  output  lint  requires  an  mpllfler  to  ralsi  the 
low-level  detected  signal  to  a  voltage  suitable  for  the  following  electronics,  end  each  Input  line 
requires  a  later  end  driver.  The  power  consumed  by  Input  and  output  electronics  dominates  the  power 
budget  of  the  matrix,  but  It  Is  not  high,  For  a  matrix  of  100x100  lines  designed  to  handle  100  Mb/s 
signals  with  a  bit  error  rate  of  10  the  per  crosspoint  power  consumption  Is  calculated  to  be  ibout  3 
*M  [171.  In  compering  the  optoelectronic  matrix  principle  with  purely  optical  switching  It  should  be 
borne  in  mind  that  the  optical  transmitter  and  receiver  must  be  present  at  each  Input  and  output  In  these 
devices  also. 

It  has  been  demonstrated  that  optoelectronic  crosspoints  can  have  sufficient  speed  and  Isolation  to 
be  useful  tn  many  switching  applications  with  analogue  as  well  as  digital  signals.  The  performance  of  the 
optoelectronic  crosspotnts  In  fact  compares  favourably  with  that  of  the  various  all-optical  switches 
mentioned  previously.  Optoelectronic  twitches  generally  have  higher  Isolation  than  electro-optic  coupled 
waveguide  switches,  and  operate  faster  than  optomechanical  and  liquid  crystal  twitches.  Their  bandwidth 
and  Insartton  loss  can  be  viewed  at  equivalent  to  that  of  any  optical  switch  because  for  most  foreseeable 
applications,  electrical  Input  and  output  signals  are  required,  and  the  performance  of  the  necessary 
uptlcal  transmitters  and  receivers  establishes  these  parameters. 
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3.  Applications 

3.1  Communications  Switching 

The  principles  Involved  In  optoelectronic  switching  lead  naturally  to  non-blocking  elementary 
matrix  sub-units  of  large  dimension,  particularly  where  digital  signals  are  to  be  swi Lulled  [17]. 

The  number  of  output  lines  In  such  a  sub-unit  Is  set  by  the  balance  between  the  optical  transmitter 
power  and  the  power  required  by  the  detector  to  achieve  the  desired  bit  error  rate.  An  average 
received  optical  power  of  the  order  of  tens  of  microwatts  provides  a  BER  of  10  at  100  Mb/s  with 
photoconductor  detectors  of  the  type  discussed  here.  Semiconductor  lasers  that  couple  several  tens 
of  milliwatts  Into  a  multimode  optical  fibre  are  now  commercially  available.  Allowing  for  excess 
loss  In  the  optical  power  dividing  network,  a  few  hundred  output  lines  can  therefore  be  served  by 
each  Input  In  an  elementary  matrix.  The  number  of  Input  lines  that  can  be  switched  to  a  single 
output  line  Is  set  by  the  accumulation  of  leakage  through  off  state  switches,  and  Is  at  least  of 
the  same  order.  These  large-dimension  matrix  elements  can  be  used  to  build  up  a  very  large  scale 
matrix  switcher  for  high  rate  digital  signals.  One  of  the  most  Interesting  applications  for  such  a 
device  Is  the  Interconnection  of  computers  for  parallel  processing.  An  optoelectronic  digital 
exchange  Is  a  promising  alternative  to  optical  waveguide  crossbar  switches  presently  being  studied 
for  this  purpose  [18]. 

Analogue  switching  generally  raquires  higher  optical  signal  power  at  the  crosspoints  than 
digital  switching,  and  tha  number  of  output  lines  that  can  be  served  by  a  single  transmitter  In  an 
optoelectronic  switch  Is  correspondingly  lower.  Nevertheless,  monolithic  switching  matrices 
suitable  for  routing  signals  with  bandwidths  of  hundreds  of  MHz  to  several  tens  of  output  channels 
are  foreseeable.  Such  a  capability  would  be  useful  in  a  variety  of  communications  applications 
Involving  the  routing  of  FM  or  wideband  video  signals. 

3.2  Delay  Lina  Processors 

The  use  of  optoelectronic  switch  matrices  to  obtain  control  and  flexibility  in  the  use  of 
optical  fibre  delay  Unas  [19]  is  a  very  promising  non-communications  application.  Wideband, 
precise  and  rapidly  selectable  delays  can  be  provided  In  the  delivery  of  a  signal  to  a  number  of 
output  lines,  which  might  for  example  be  connected  to  the  elements  of  a  phased  array  antenna,  by 
placing  optical  delay  lines  In  the  signal  distribution  network  of  the  switch  matrix.  This 
arrangement  Is  different  from  optical  delay  generators  for  phased  arrays  that  have  been  described 
In  the  literature  [20],  which  employ  an  optical  source  for  each  required  antenna  phasing  pattern, 
and  establish  that  pattern  with  a  fixed  set  of  fibre  delay  lines  fed  by  that  sourca.  The  advantage 
of  the  matrix  switching  approach  1$  that  only  one  delay  line  Is  needed  per  delay,  rather  than  a 
number  equal  to  the  product  of  the  number  of  elements  with  the  desired  number  of  phasing  patterns. 
The  problem  of  coupling  a  large  number  of  fibres  to  a  single  optical  detector  Is  also  eliminated. 

A  variety  of  signal  processing  functions  can  be  obtained  by  making  delayed  connections  between 
the  outputs  and  the  Inputs  to  form  a  Reflex  Optoelectronic  Switch  Matrix  (RQSM)  [21]  as  shown  In 
Fig.  8,  Hera  all  but  one  of  the  output  ports  of  the  switching  matrix  are  connected  back  to 
corresponding  Input  ports  by  means  of  delay  lines  of  various  lengths.  Optical  fibre  delay  lines 
can  be  employed  by  Inserting  them  between  the  laser  transmitters  and  the  optical  power  dividing 
network  of  the  switch  matrix,  Tha  switch  allows  the  delays  to  be  combined  In  series  or  parallel, 

If  each  line  Is  twice  as  long  as  the  next,  any  of  pi  -  1  delays,  where  N  Is  the  number  of  delay 
lines,  can  be  composed  by  appropriately  setting  the  crosspoint  switches  of  the  matrix.  For 
example,  making  connections  at  crosspoints  A,  F  and  H  in  Fig,  8  provides  for  the  serial  connection 
of  ti  and  t2» 


Fig.  8.  Reflex  oploelectronlx  switch  matrix.  The  delays  can  be  optical  waveguide  lines  for  precision. 
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An  advantage  of  the  optoelectronic  switching  technique  In  this  application  Is  that  as  a 
natural  consequence  of  the  partitioning  of  the  optical  signal  power  a  'broadcast  mode1  Is  available 
whereby  any  Input  can  go  to  more  than  one  output.  This  feature  permits  recirculation  through  the 
delay  lines  and  their  combinations,  so  that  discretely  tunable  loop  filters  can  be  made.  For 
example  closing  switches  A,  C  and  I  In  Fig.  8  piovldes  recirculation  through  loop  ti.  This  mode  Is 
peculiar  to  the  RQSM.  Reflex  switching  matrices  using  optical  waveguide  switches  [22]  cannot 
easily  provide  'broadcast'  mode  because  of  the  difficulty  of  attaining  an  efficient  power  dividing 
switch  state.  Electronic  matrix  switches  can  only  provide  the  recirculation  If  each  crosspoint 
also  provides  a  high  reverse  Isolation  In  the  'on'  state,  so  that  a  direction  Is  Imposed  on  the 
signal . 

The  properties  of  a  ROSW-controlled  tunable  loop  filter  are  similar  to  those  of  a  fixed  hybrid 
filter  using  an  optical  delay  line  [23].  A  typical  frequency  response  Is  shown  In  Fig.  9.  A  loop 
gain  of  26  dB  was  employed  to  feed  the  signal  from  the  photoconduct Ive  crosspoint  detector  back  to 
the  loop  Input  laser.  The  filter  envelope  extends  over  1  8Hz,  and  shuws  a  dynamic  range  of  26  dB. 
The  Q-factor  Is  300  at  600  MHz.  The  optoelectronic  matrix  requires  that  the  signal  undergo  an 
optical-electrical-optical  conversion  on  each  circulation  through  the  loop.  While  this  conversion 
does  add  noise.  It  also  provides  an  opportunity  to  control  the  loop  loss  and  hence  the  sharpness  of 
the  filter  by  means  of  an  electronic  amplifier  In  the  loop. 


Fig.  9.  Frequency  response  of  a  loop  filter  made  with  a  RQSM. 


Many  signal  processing  applications  can  be  envisaged  for  the  RQSM.  In  processing  digital 
signals  the  rapidity  with  which  the  switch  can  be  reconfigured  provides  a  novel  capability  that  can 
be  used  to  create  high  speed  multiplexers,  demultiplexers  and  correlators.  All  the  basic  elements 
of  a  fibre  optic  lattice  structure  are  present  [24],  Including  feed-forward  delay,  which  is 
equivalent  to  parallel  combinations  of  delay  lines  with  the  matrix.  A  single  optoelectronic  matrix 
may  therefore  be  programmed  to  ret  In  a  wide  variety  of  ways  In  a  signal  processor. 

3.2  Optoelectronic  Mixer  Arrays 

It  has  been  demonstrated  that  optical  detectors  can  be  used  to  switch  signals  off  and  on.  If 
the  switching  can  be  done  rapidly  enough,  then  optoelectronic  switches  can  be  used  as  chopper 
modulstors  to  achieve  the  nixing  of  slgntls.  In  in  optoelectronic  mixer  one  signal  Is  applied  as 
an  Intensity-modulated  optical  signal,  while  the  other  (s  an  electrical  signal  added  to  tne 
detector  bias.  The  product  Is  in  electrical  signal  at  the  output  of  the  detector.  Optoelectronic 
mixing  hts  been  observed  In  avtlanche  photodiodes  [26]  and  In  photoconductlve  detectors  [26],  and 
mixing  at  frequencies  up  to  4.5  GHz  has  been  obsorved  [27].  By  applying  local  oscillator  signals 
to  the  crosspolnts  of  an  optoelectronic  switching  irray  one  obtains  an  array  of  tuners.  If 
frequency  division  multiplexed  optical  Intensity  modulation  signals  are  applied  to  the  Input  ports 
two  Independent  types  of  switching  ire  achieved  In  a  single  location.  This  mode  makes  optimum  use 
of  the  bandwidth  of  optoelectronic  switches  to  provide  matrix  switching  of  very  large  numbers  of 
signals  of  moderate  bandwidth.  Experiments!  studies  of  monolithic  mixer  arrays  similar  to  the 
photoconductor  arrays  shown  In  Fig.  2  [28]  Indicate  that  In  comparison  to  the  bias  switching  mode 
of  operation  crosstalk  performance  (s  degrsded  by  about  10  dB  by  crosscoupling  of  the  local 
oscillator  signals. 

Many  other  appllcetlons  can  be  foreseen  for  optoelectronic  mixer  arrays,  particularly  In 
optical  signal  processing.  For  eximple  photoconductors  can  operate  In  a  bilinear  mixing  mode  In 
which  the  amplitudes  of  the  electrical  bias  signal  end  the  optical  modulation  ilgnal  are 
multiplied.  An  array  of  photoconductors  could  thus  set  as  a  mixing  detector  for  an  optical 
frequency  exciter  [29]  using  an  Integrated  optica)  Fourier  trsnsform  generator  and  performing  the 
discrete  Inverse  transform  By  means  of  the  mixing  and  signal  summing  properties  of  the  detector 
array.  The  switching  of  the  photoconductors  here  serves  to  delete  end  Insert  frequency  components 
In  the  spectrum  of  tne  detected  output. 


4.  Present  Status 


An  optoelectronic  matrix  based  on  light  emitting  diode  signal  sources  and  p.I.n,  crosspoint 
photodetectors  was  developed  using  discrete  component  construction  as  a  commercial  prototype  by  Foundation 
Instruments  In  1981.  This  switcher  provides  over  60  dB  Isolation  In  the  band  0-100  MHz  for  1  volt  p-p 
signals  presented  at  the  Inputs.  Internal  gain  Is  provided  so  that  Insertion  loss  Is  0  dB.  The  basic 
configuration  Is  a  7x7  matrix. 

Work  at  the  Communications  Research  Centre  has  focussed  on  photoconductor  arrays  at  noted  in  this 
paper.  Current  projects  are  to  Increase  the  level  of  Integration  of  the  matrix  elements  and  associated 
optics  and  to  Improve  the  performance  of  crosspolnt  photodetectors. 

(a)  Integration 

The  Integration  of  photoconductlve  detectors  with  FET  amplifiers  has  recently  been  reported 
[30]  with  receiver  sensitivity  as  low  as  -42  dBm  for  error  rate  of  10* ’  at  90  Mb/s.  Such 
Integrated  receivers  might  considerably  extend  the  number  of  crosspolnts  that  could  be  used  In  a 
single  matrix.  The  Integration  of  numerous  photoconductlve  detectors  with  a  single  amplifier  Is 
under  study. 

The  Integration  of  optical  waveguides  to  distribute  the  signals  with  the  detector  array  Itself 
Is  an  Important  matter  for  development.  Various  methods  are  promising.  The  distribution  of  light 
to  arrays  of  InGaAs  photodiodes  by  means  of  double  heterostructure  waveguide  Integrated  on  the 
reverse  side  of  the  substrate  hat  recently  been  reported  [31].  This  technique  gave  optical 
crosstalk  less  than  -40  dB  between  detectors.  Another  approach  It  to  use  waveguide  fabricated  In 
another  material  and  form  a  hybrid  optical/electronic  atructure.  We  are  presently  completing  an 
experiment  on  using  silver-diffused  glass  waveglde  In  this  way. 

The  prospects  for  Integrated  optoelectronic  switching  arrays  Incorporating  both  optical  and 
electronic  Integrated  elements  seems  very  good,  and  this  area  It  an  active  one  for  research. 

(b)  Photodetectors 

We  have  focussed  on  photoconductors  as  the  most  promising  detectors  for  optoelectronic 
switching  because  of  their  zero-bias  off-state  and  ease  of  monolithic  co-fabrication  with  FET't. 
Remaining  dlff Icultl les  of  photoconductors,  however,  are  that  they  draw  considerable  dark  current 
and  are  therefore  power  consuming  and  noisy,  and  they  often  have  very  high  response  at  very  low 
frequency,  necessitating  equalization.  We  have  recently  proposed  and  demonstrated  a  new  type  of 
photoconductor  [32]  that  avoids  these  problems.  The  opportunity  to  use  short  wavelength  light 
(*  800  nml  In  optoelectronic  switching  matrices  arises  ber.iusa  there  Is  no  need  for  long  distance 
optical  signal  transmission.  At  these  short  wavelengths  the  absorption  length  of  the  light  In  GaAs 
Is  only  about  a  micron,  which  Is  of  the  tame  order  at  the  surface-depleted  layer  of  an  unhoped 
crystal.  We  have  fabricated  photoconductors  In  2  u-thlck  layers  of  undoped  GaAs  grown  on 
saml-lnsulatlng  substrates  and  found  that  photoresponse  similar  to  more  conventional 
photoconductort  Is  obtained  (l.e.  about  0.3  A/W  with  bandwidth  over  1  GHz)  but  dark  currant  Is 
below  100  uA.  Furthermore,  the  response  at  DC  Is  only  about  a  factor  of  two  greater  than  at  1  GHz, 
so  that  the  need  for  equalization  Is  reduced.  We  attribute  this  reduction  In  low  frequency 
response  to  the  extension  of  the  surface  depleted  layer  right  through  the  photoconductlve  channel, 
preventing  any  back-gating  or  other  phototr ansi stor-1 Ike  mechanisms. 

5.  Conclusion 


This  paper  has  attempted  an  overview  of  the  principles  of  optoelectronic  broadband  matrix 
switches', their  applications  and  the  currant  state  of  research.  These  devices  are  very  promising  for  large 
scale,  very  wideband  network  switching.  We  have  recently  completed  a  study  which  compares  optoelectronic 
switching  directly  with  optical  waveguide  matrix  switching,  and  concluded  that  the  optoelectronic  form 
shows  greater  promise  [331.  The  advantage  of  optoelectronic  switching  over  optical  switching  lies 
fundamentally  In  the  smaller  size  of  optoelectronic  arrays,  which  permits  much  higher  levels  of 
integration.  In  view  of  the  current  state  of  Interest  In  broadband  switching,  end  In  optical  techniques 
(n  particular,  It  can  be  anticipated  that  there  will  be  an  Increased  activity  to  develop  optoelectronic 
arrays  In  the  near  future. 
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ACOUSTOOPTIC  SPECTRUM  ANALYZER  USING  A  PLANAR  BRAGG-CELL 
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SUMMARY 

The  design  principles  and  the  performance  characteristics  of  a  miniaturized 
aooustooptia  RF-speatrua  analyzer  are  presented.  The  device  yields  a  time-hand- 
width-product  of  more  than  300.  Using  a  planar  Bragg-cell  fabricated  on  a  UNbO- 
substrate  and  air  between  Bragg-oell  and  detector  array  the  ttme-bandwidth-pro-3 
duot  has  been  doubled  oompared  to  the  mlnlbulk  as  wall  as  the  integrated  optic 
speotrum  analyzer  for  the  same  devioe  length.  The  time  resolution  of  the  spec¬ 
trum  analyzer  Is  33  ^useo  and  its  linear  dynamic  range  28  dB. 


1 .  INTRODUCTION 

Due  to  Its  potential  for  parallel  processing  of  information  the  aoousto- 
optlo  RF-speotral  analysis  offers  high  speed  of  operation  and  high  probability 
of  intercept  of  signals  in  a  dense  environment.  A  devioe  incorporating  suoh  abi¬ 
lities  is  of  particular  importance  for  radar  warning  application.  Up  to  now  many 
papers  have  been  published  on  small  and  oompaot  speotrum  analyzers.  Essentially 
two  different  paths  have  been  walked  along  in  developing  suoh  a  processor.  One 
leads  to  the  minibulk  speotrum  analyzer  n/  and  the  other  to  the  integrated  op¬ 
tic  speotrum  analyzer  /2/«  Beoauae  of  the  limited  size  the  angular  resolution  of 
these  analyzer  designs  is  relatively  low,  yielding  only  50  /I/  to  100  /3/  re¬ 
solved  spots  (l.e.  time-bandwldth-produot) . 

This  paper  describes  a  miniaturized  speotrum  analyzer  with  a  time-band¬ 
wldth-produot  of  more* than  300.  This  high  value  was  achieved  in  the  following 
way.  A  planar  Bragg-oell  on  a  LiNbO-  substrate  is  used  as  it  is  well  known 
from  several  integrated  optlo  speotrum  analyzer  devioe  arrangements.  The  velo¬ 
city  of  the  surface  aooustio  wave  (SAW)  is  about  half  the  veloolty  of  the  bulk 
wave  in  LiNbO- .  As  a  result  the  aooustla  wavelength  shortens  by  an  amount  of 
approximately3 two  and  hence  the  angle  of  the  diffraotlon  doubles.  Unlike  the 
integrated  optlo  opeotrum  analyzer  the  medium  between  Bragg-oell  and  deteotor- 
array  of  our  new  version  consists  of  air.  The  refraotive  index  change  of  the 
interface  Bragg-oell/'air  additionally  increases  the  diffraotlon  angle  by  a  fao- 
tor  of  about  two.  For  a  given  size  of  the  spectrum  analyzer  this  hybrid  setup 
produoes  a  doubling  of  the  tlma-bandwidth-produot  oompared  to  the  two  types  men¬ 
tioned  above. 

2.  DE3I0N  LAYOUT  OF  THE  SPECTRUM  ANALYZER 

Figure  1  represents  In  a  sohematio  way  the  basic  arrangement  of  the  speo¬ 
trum  analyzer.  The  planar  Bragg-oell  builds  the  basio  element  and  is  fabricated 
on  a  y-out  lithiumniobata-substrate  with  the  acoustic  wave  propagating  in  the 
direction  of  the  o-axls.  The  preparation  of  the  tltanlum-lndlf fused,  single 
mode,  optioal  slab  waveguide  ooours  in  a  conventional  way  /4/  (30  nm  Ti-layer, 

3  h  diffusion  time  at  980  °C  in  wet  oxygen  atmosphere  to  suppress  the  lithium 
outdif fused  waveguide). 

The  SAW- transducer  is  designed  for  a  bandwidth  of  500  MHz  and  750  MHz  oen- 
ter  frequency.  The  ootave  bandwidth  is  attained  by  a  "chirp  design",  l.e.  the 
eleotrode  spaolng  of  the  transducer  varies  smoothly  so  that  each  pair  of  elec¬ 
trodes  is  resonant  for  one  frequency  within  the  bandwidth.  The  electrodes  are 

arranged  in  a  "dog-leg"  structure  to  gain  aooustio  aperture  for  increased  dif¬ 
fraction  efficiency  /5/.  To  accomplish  a  flat  frequency  response  of  the  Bragg- 
oell  a  weighted  eleotrode  overlap  compensates  the  roll-off  in  the  frequency 
reaponee  of  the  aooustooptio  interaction.  The  eleotrodos  are  slightly  tilted 
against  each  other  to  satisfy  ths  Bragg-oondltion  within  the  bandwidth.  A  stan¬ 
dard  planar  photolithographic  prooess,  l.e,  projection  exposure  and  lift-off 
technique,  has  been  applied  to  fabricate  the  transducer  out  of  aluminium. 

The  light  souroe  of  the  speotrum  analyzer  is  a  commercially  available 
!•*•?  (Hitachi  HLP  1400 )  with  a  single  longitudinal  mode  (0.1  nm  speotral 

width  and  830  nm  wavelength).  An  aohromatio  lens  with  a  fooal  length  of  10  mm 
focuses  the  laser  light  onto  the  deteotor  array  thus  collimating  the  laser  light 
as  well  as  Fourier- transforming  the  light  diffraotad  by  the  Bragg-oell.  3uoh  an 
arrangement  offers  the  advantage  that  no  apeoial  waveguide  lens  is  neoessary  to 
perform  the  Fourier- transformation.  Up  to  now  it  is  very  difficult  and  expensive 
to  fabricate  suoh  waveguide  lenses  of  high  quality.  The  collimated  laser  light 
is  coupled  into  the  waveguide  via  a  llthiumniobate  prism.  This  ooupling  method 
hardly  generates  in  plane  scattered  light  and  it  is  easy  to  adjust. 
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The  light  exits  tha  waveguide  of  the  Bragg-oell  by  the  polished  endfaoe. 

The  beam  path  within  the  waveguide  is  very  short  to  keep  the  in  plane  scattered 
light  level  as  low  as  possible,  whereas  the  distanoe  in  air  from  the  endfaoe  of 
the  waveguide  to  the  deteotor  array  is  approximately  150  mm  and  is  determined  by 
the  commercially  available  deteotor  array  (Reticon  CCPD  128x8).  A  oylindrioal 
lens  foouses  the  waveguide  endfaoe  of  the  Dragg-oell  onto  the  deteotor  array. 

The  oylindrioal  lens  is  necessary'  to  oolleot  the  light  exiting  the  Bragg-oell 
waveguide  and  diffraoted  into  a  beam  that  is  divergent  perpendicular  to  the 
waveguide  plane.  To  keep  the  setup  assembly  compaot  the  optical  beam  path  be¬ 
tween  Bragg-oell  and  deteotor  array  is  folded  by  means  of  two  prisms.  The  oy¬ 
lindrioal  lens  is  oementad  to  the  prism  olosar  to  the  Bragg-oell. 

The  deteotor  array  in  use  prooeases  1024  elements  read  out  via  16  parallel 
video  ohannels  thus  aohieving  a  shortest  read  out  time  of  10  ,uaeo.  The  pro¬ 
posed  soheme  of  the  speotrum  analyzer  fita  into  a  housing  having  the  dimensions 
144  mm  x  125  mm  x  30  mm  that  has  to  be  plugged  into  an  eleotronlo  equipment  for 
postprooesslng  of  the  apeotral  data. 

3.  PERFORMANCE  CHARACTERISTICS 

The  parameters  of  the  speotrum  analyzer  that  were  investigated  are  the  fre¬ 
quency  response,  the  frequency  resolution,  and  the  linear  dynamio  range.  Figure 

2  shows  the  frequenoy  response  of  the  spsobrum  analyzer.  One  reoognizea  that  the 

3  dB  bandwidth  amounts  to  500  MHz.  This  value  corresponds  to  the  assign  goal  of 
the  SAW-  transducer . 

The  Rayleigh-fraquenoy  resolution  of  a  Bragg-oell  la  given  by  the  reolpro- 
oal  transit  time  of  the  aoouetlo  wave  traversing  the  optioal  aperture.  As  the 
optloal  aperture  of  the  planar  Bragg-oell  la  about  4  mm  a  theoretical  frequenoy 
resolution  about  1  MHz  will  be  expeoted.  In  this  oase  the  optloal  aperture  is 
given  by  the  maximum  width  of  the  uniform  gap  provided  by  our  prlam-oouplers. 

The  measured  frequency  resolution  is  1.5  MHz.  There  are  two  main  reasons  for 
the  deviation  from  the  expeoted  value.  Firstly  the  SAW  Is  penstrated  by  a 
slightly  oonvergent  light  bsam  oausing  that  the  Bragg-oonditlon  is  not  fully 
satisfied  near  the  margin  of  the  optioal  aperture.  This  effeot  apodlzsa  the 
optloal  aperture  thus  broadening  the  fooal  spot  and  deteriorating  the  frequenoy 
resolution.  Seoondly,  there  is  aleotrloal  orosstalk  of  roughly  8  $  between  ad¬ 
jacent  deteotor  elements,  also  broadening  the  measured  signal. 

The  linear  dynamio  range  of  the  spectrum  analyzer  Is  given  by  the  ratio  of 
the  highest  to  the  lowest  detectable  RF-power.  In  order  to  determine  the  highest 
detectable  power  tha  dlffraotlon  affiolenoy  wee  measured  aa  e  funotion  of  the 

RF-powar  at  oenter  frequenoy  applied  to  the  Bragg-oell.  Tha  result  is  depioted 
In  Figure  3.  For  low  values  of  the  RF-power  the  graph  exhibits  ths  expooted 
linearity  with  a  elope  of  7.5  Jt/W.  With  increasing  power  tha  ourve  beoomes  non¬ 
linear  beoause  of  thermal  effects  within  the  Bragg-oell.  At  the  RF-power  P 
■  +29  dBm  (2  800  mW)  the  deviation  from  linearity  reaohea  1  dB.  Therefore 
is  oallad  "linear  limit"  and  it  defines  the  highest  RF-power  that  oan  be  detes¬ 
ted  using  this  Bragg-oell.  P  is  also  the  maximum  deteo table  power  for  the 
speotrum  analyzer,  provided  xni  deteotor  array  will  be  saturated  by  tha  defleo- 
ted  light  corresponding  to  P  .  Selecting  an  appropriate  Integration  time  of 
the  deteotor  array  this  oondltfon  oan  always  be  fulfilled.  The  oorreot  integra¬ 
tion  time  depends  on  tha  optloal  output  power  of  the  laser,  the  hlghor  the  laser 
power  the  shorter  the  integration  time.  For  this  speotrum  analyzer  an  integra¬ 
tion  time  of  33  .useo  is  obtained  at  10  mW  of  laser  output  power.  Beoause  of 
the  high  losses  ooouring  within  the  prism  coupler  employed  to  oouple  thw  .laser 
light  into  the  waveguide  of  the  Bregg-oell,  tha  shortest  possible  integration 
time  (10  ,ueeo)  of  the  deteo tor-array  oould  not  be  used.  The  lowest  RF-power 
detectable  with  the  epsotrum  analyzer  is  the  noise  equivalont  power  (NEP). 
Possible  sources  of  noise  are  either  aleotrloal  noise  of  the  deteotor  array  or 
in  plane  soattered  light.  The  NEP  of  this  speotrum  analyzer  ia  determined  by  the 
deteotor  noise  to  approximately  +1  dBm.  The  noise  signal  produced  by  the  scat¬ 
tered  light  is  about  7  dB  below  the  measured  value  of  the  NEP.  Thus,  the  linear 
dynamio  range  of  the  speotrum  analyzer  amounts  to  28  dB  end  ie  limited  by  th6 
dynamio  range  of  the  deteotor  array. 

4.  CONCLUSIONS 

In  table  1  the  epeolf ioitlona  of  the  speotrum  analyzer  are  summarized.  From 
the  frequenoy  resolution  of  1.5  MHz  and  the  bandwtdth  of  500  MHz  a  tlme-bend- 
wldth-produot  of  330  ie  calculated.  It  would  still  be  possible  to  significantly 
lnoreaae  the  frequenoy  resolution  and  henoe  the  time-bandwidth-produot  by  wide¬ 
ning  the  optloal  aperture.  The  optioal  aperture  of  our  arrangement  Is  limited  by 
the  quality  of  the  prlam-ooupler  used. 

The  time  resolution  of  the  speotrum  analyzer  la  33  yuseo.  It  is  restric¬ 
ted  by  the  available  light  power  in  the  waveguide.  Improving  the  coupling  effi¬ 
ciency  (by  now  only  about  1-2  %)  of  the  prism  coupler  would  increase  the  optloal 
power  in  the  waveguide  thus  leading  to  a  shorter  time  resolution.  The  prism 
coupler  haa  proven  to  be  the  limiting  device  for  the  frequenoy  resolution  as 
well  aa  the  time  resolution.  A  mors  advantageous  alternative  might  be  the  gra¬ 
ting  ooupler. 


The  linear  dynamic  range  of  the  spectrum  analyzer  la  28  dB  and  is  limited 
by  the  dynamic  range  of  the  detector  array.  The  Bragg-oell  itself  would  yield  a 
linear  dynamic  range  of  about  35  dB. 

Thus  a  miniaturized  spectrum  analyzer  with  a  time-bandwldth-produot  of  more 
than  300  is  presented.  This  high  number  has  been  aohieved  by  a  design  that 
yields  the  double  time-bandwidth-produo t  at  a  given  size  oompared  to  both  the 
mini bulk-  and  the  Integrated  optio  spectrum  analyzer  types,  respeotively . 

Table  1;  Speoifioations  of  the  speotrum  analyzer. 


Bandwidth  500  MHz 

Center  frequenoy  750  MHz 

Frequency  resolution  1,5  MHz 

Time  resolution  33  /Usee 

Linear  dynamio  range  28  dB 
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Pig.  1.  Design  layout  of  the  speotrun  analyser 


Pig.  2.  Frequenoy  responae  of  the  epeotrum  analyzer,  1. 
deteotor  signal  (a.u.)  versus  frequenoy  f 


Fig.  3.  Diffraotion  effioienay  of  the  Bragg-oell  veraue 
RF-power  PRp  applied  to  the  SAW- transducer 


DISCUSSION 


S, Welker,  UK 

What  precautions  did  you  take  against  bulk-wave  effects? 

Author'i  Reply 

The  mounting  adhesive  should  absorb  these  waves,  maybe  they  contributed  some  spurious  responses 


UMacDonald,  Ca 

What  was  the  detector  spacing  and  what  was  the  mechanism  of  the  crosstalk? 

Author's  Reply 

18  pm.  Mechanism  not  known. 
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MODULATORS  AND  PHOTODETECTORS 
FOR  MICROWAVE/MILLIMETER-WAVE  FIBER  OPTIC  SYSTEMS 

by 

J.J.Pan 

E-Tek  Dynamics,  Inc. 

250  East  Drive 
Melbourne,  Florida  32901 
USA 


ABSTRACT 

Growth  of  sophisticated  military  satellite  communications,  electronic  warfare,  and  radar  systems  places  increasing 
demands  on  microwave/milllmetcr-wave  fiber  optics  for  wide  instantaneous  bandwidth,  immunity  of  EMI/EMP, 
deployment  speed/simplicity,  and  low  cost.  The  microwave  fiber  optic  communication  links  using  a  direct-modulated 
laser  diode  (LD)  and  a  PIN  photodetcctor  (PD)  have  been  demonstrated  at  frequency  of  7.5  OHz.  A  GaAlAs  LD  with  a 
direct  Intensity  modulation  bandwidth  of  1 1  GHz  was  recently  achieved.  Unfortunately,  the  LD  operating  at  room 
temperature  above  1 2  GHz  is  extremely  difficult,  if  not  impossible,  to  fabricate.  Then,  the  laser  beam  modulated  by  an 
electro-optic  modulator  (EOM)  provides  the  essential  way  of  microwave  or  millimeter-wave  fiber  optic  communications 
above  1 2  GHz.  This  paper  will  discuss  the  20—60  EOMs  and  PDs;  the  design/fabrications  of  20  GHz  devices  are 
particularly  emphasized. 

Both  traveling  wave  and  semiconductor  waveguide  EOMs  are  feasible  to  modulate  LD  beam  above  20  GHz.  The 
travelling  wave  EOM  (TW-EOM)  presently  offers  the  advantage  of  low  RF  driving  power.  The  Titanium  diffused 
LINbOj  Mach-Zehnder  interferometric  TW-EOM  has  low  propagation  loas  at  20  OHz,  while  an  EOM  fabricated  on 
OaAs  or  InP  substrates  can  operate  in  millimeter-wave  frequencies,  but  suffering  slightly  higher  propagation  loss  than 
LINbO,.  We  will  describe  the  critical  design  parameters  such  os  electrodes  configuration,  RF  impedance  optimization, 
optical/RF  velocities  matching,  T1  diffusion  time/temperature,  etc.  Velocity  mismatch  compensation,  EOM  RF 
performances,  and  efficient  single-mode  fiber  to  EOM  inturface  technique/experimental  results  will  also  be  reported. 

We  Investigated  GaAs  MESFET,  Schottky-Barrier  PD,  modified  IMPATT  PD  and  photoconductlve  PD  for  short 
wavelength  (0.85  pm),  and  InP  Schottky-Barrier  PD  and  photoconductlve  PD  for  long  wavelength  (1.3  pm)  low  noise 
optical  demodulation  above  20  GHz,  The  RF  package  design,  device  design/fabrication,  circuit  optimization,  and 
experimental  characterizations/results  of  the  selected  PD  are  presented. 


DISCUSSION 


C.Gec,  US 

You  have  reviewed  modulators  that  have  been  demonstrated  up  to  1 8  GHz  at  many  laboratories.  How  do  you  plan  to 
extend  these  devices  to  millimetre  wave  frequencies  (l.e.  40  GHz,  60  GHz)? 

Author's  Reply 

We  have  to  pay  attention  not  only  to  device  problem  but  also  the  circuit  technology. 


G.WIIIson,  UK 

Do  you  foresee  any  limitation  on  the  operating  wavelength  due  to  line  broadening  of  the  laser  linewidth  at  GHz 
modulation  frequencies? 

Author’s  Reply 

It  is  anticipated  that  optical  phase-locked-loops  will  be  required  to  give  sufficiently  stable  source  wavelength  to 
compensate  for  temperature-induced  drifts,  mechanical  vibrations,  etc.. 


ILMacDonaM,  Ca 

Can  you  comment  on  the  depleted  layer  photoconductors  that  have  been  developed  at  Bell  Labs  and  also  at  CRC. 
These  reduce  significantly  the  dark  current. 

Author’s  Reply 

The  devices  are  Interesting  but  the  performances  at  very  high  frequency  are  still  unknown. 
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SUMMARY  OF  SESSION  III 
OLASS  FLUORIDE  AND  CRYSTALLINE  FIBERS 
by 

J.  Luctn  ,  Chairmen 

The  main  topic  of  the  ■union  mi  materials  for  infrared  waveguides  d«v«lopm*nt.  Four  contributor* 
presented  a  oritloal  review  on  three  kind*  of  waveguides  including  fluoride  glasses,  chaleoganide  glaaaaa 
and  aingla  cryatal  flbera,  Dr  DAHN  TRANi  from  N.R.L.  (U.S.A.)  and  Pr. deque*  LUCAS,  from  tha  Univaraity 
of  Rannaa  ( F . )  diaouaaad  tha  atate  of  tha  art  in  tha  fiaid  of  fluoride  glaaaaa  which  are  promising  candi¬ 
date*  for  the  fabrication  of  rapaatarleaa  long  telecommunication  link*.  Scattering  and  multiphonon  absorp¬ 
tion  maaauramanta  show  that  a  potential  loa*  of  10~  dB/km  in  tha  window  oloae  to  2, BS  urn  la  vary  reali¬ 
stic. 

Tha  candidate  material*  for  reaching  this  target  are  ZrF  -based  glaaaaa  called  fluoroairoonataa,  Many 
Information*  on  fundamental  properties  of  the  material  aa  well  as  the  main  characteristics  of  the  fibers 
have  been  presented.  The  lowest  attenuation,  maaaured  on  fibera,  reported  by  Dr.  TRAN  waa  4  dB/km  at  2. SB 
um  and  leas  than  20  dB/km  at  the  OH  absorption  peaking  at  2.87  um.  Other  applications  of  bulk  sample  fluo¬ 
ride  glasses  have  been  diocuaaad  more  specially  in  relation  with  their  applications  in  the  mid  IR  laser 
domain,  and  for  tha  traditional  IR  optica  operating  in  the  military  window  around  4  um  where  those  glasses 
are  very  transparent. 

Tha  second  olaaa  of  materials  for  I.R,  fibera  waa  ohaleogenid*  glaaaes  essentially  those  baaed  on 
the  association  of  As,  Sa,  Qe,  T*,...  Dr.  PITT,  from  STL,  showed  that  the  attenuation  maaaured  at  STL  on 
these  glasses  waa  in  the  rang*  B  to  10  dB/m  in  the  10  um  region.  These  values  make  those  fibers  suitable 
for  short  distances  applications  in  the  8-12  um  region  and  more  speeifloally  at  the  10.8  um  of  tha  CO 
laser. 

Finally,  an  overview  of  a  new  field  of  cryatal  growth  science  has  been  presented  by  Pr.FEIQKLSON, 
from  Stanford  Unlverolty  (U.S.A. > ,  who  deaaribad  the  different  teohnlo  for  making  single  crystal  fibers. 
Using  laaer-haated  perinatal  growth  ayatam,  high  malting  oxides  have  been  transformed  in  short  length  sin¬ 
gle  crystal  fibers.  Among  the  different  materials  Nd/YAG  fibers  have  been  prepared  for  laser  applloatlono, 
UNbOg  fibera  for  non-linear  technology  and  many  others  like  sapphire  or  KRS9 ,  a  thallium  bromo-iodide 
fiber*  have  bean  developped  for  I.R.  transmission. 

The  reasons  of  developping  such  I.R,  waveguides  have  been  clearly  demonstrated)  long  distanoe 
repuaterleas  communications  ia  the  ultimate  target  but  medium  loss  fibera  offer  also  a  lot  of  applications 
■unh  aa  remote  I.R.  spectroscopy ,  I.R,  censor  thermography,  thermal  Imaging,  endoscopy,  surgery,  laser 
machining,  printing,  eta.,,. 


PREPARATION  AND  PROPERTIES  OF  INFRARED  TRANSMITTING  HEAVY  METAL  FLUORIDE  GLASS  OPTICAL  FIBERS 
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SU7MARY 


In  praaant  allloa  flbar  technology,  optical  attenuation  at  tha  intrinsic  minimum  lsval  of  about 
0.16  dB/km  at  1.6  pm  baa  bsan  attained.  Non-oxide  glaasa*  bated  on  heavy  metal  fluovidei  potentially 
can  offer  intrlnaic  minimum  losses  aavaral  orders  of  magnitude  lower  than  that  of  silica,  owing  to  a 
lower  Rayleigh  scattering  loss  contribution  and  an  axtandad  Infrared  absorption  edge.  As  a  result, 
heavy  metal  fluoride  glasses  are  most  promising  for  long  distance  rapeaterless  optical  communication 
systems.  Tha  praaant  paper  will  draw  primarily  from  tha  published  literature  on  fluoride  glasses  and 
fibers  to  provide  a  complete  review  of  the  present  state-of-the-art  in  the  field.  Candidate  fluoride 
glasses  for  flberlsatlon  will  be  evaluated  on  the  basis  of  their  infrared  transparency  as  wall  as  their 
glass  forming  ability.  Tha  synthesis  of  high  optical  quality  bulk  fluoride  glasses  by  conventional 
casting  and  tha  fabrication  of  fibers  using  both  preform  and  crucible  techniques  will  be  discussed. 

The  optical  properties  of  the  fluoride  glass  fibers  will  be  evaluated  based  on  tha  absorption  loss 
contribution  associated  with  hydroxyl  groups  and  transition  matal/rare-aarth  impurities,  and  on  the 
scattering  loss  component  arising  from  both  Rayleigh  scattering  and  processing  Induced  defects  such 
as  microcrystalllsatlon,  phase  separation  and  particle  inclusions. 


ULTRA-LOW  LOSS  OPTICAL  WINDOWS  FOR  HEAVY  METAL  FLUORIDE  CLASSES 

The  major  thrust  of  mld-IR  optical  flbar  research  has  bsan  concentrated  on  ultra-low  loss  flbar 
applications.  Heavy  matal  fluoride  glasses  based  on  ZrFq,  discovered  by  Foulaln,  Lucas,  and  co-vorkera 
in  1973  [1],  have  been  conaiderad  to  be  tha  primary  candidate  material  for  tha  next  generation  of 
optical  communications  fibers,  owing  to  their  higher  transparency  as  compared  to  the  oxlda  and 
chalcoganlda  glasses,  and  to  their  superior  glass  forming  ability  with  respect  to  the  chloride,  bromide, 
and  iodide  based  glasses.  Fig.  1  illustrates  the  intrinsic  lose  minima  for  oxide,  chaleogenlde ,  and 
halide  glass  systems,  which  are  determined  by  the  1/X  4  wavelength  dependent  Rayleigh  scattering  loss 
at  shorter  wavelengths  and  the  multiphonon  vibrational  absorption  edge  at  longer  wavelengths.  The 
predicted  intrinsic  minimum  attenuation  in  heavy  matal  fluoride  glasses  based  on  Zr?q  la  m 10“3  dB/kra 
at  3.41  pm  as  compared  to  /wlO'2  dB/km  at  A.S4^mt  for  chaleogenlde  glasses  and  to  0,16  dB/km  at 

i.6^*m  for  silica  [2].  In  addition  to  tha  3.44  pm  window  of  maximum  transparency  predicted  for  ZrF 4- 

baeed  glasses,  another  optical  window  for  ultra-low  loss  fluoride  fiber  applications  appaare  to  emerge 
at  2.55  am  [3,  4].  Fig,  2  illustrates  tha  OH-  absorption  contribution  in  the  mld-IR  wavelength  region 
obtained  from  a  dry  ZrFq-baetd  glass  fiber  [4] .  The  fundamental  OK-absorptlon  band  is  cantsrad  at 
around  2.87  p m,  and  the  two  peeks  st  2.24  ^m  end  2,42  p m  ere  attributed  to  combination  bands  with 
metal  fluorides  such  as  ZrF^  and  BaFj .  The  actual  data  vhlch  ara  represented  by  tha  solid  curve 
indicate  that  fluoride  glass  fiber  having  a  low  OH-absorption  loss  of  less  than  20  dB/km  at  2. 87  aim 
can  be  prepared  using  dry  processing  conditions,  Morsovor,  bssed  on  the  empirical  multiple  Gaussian 
fit  -  represented  by  tha  broken  curve  -  to  tha  absorption  bands  associstad  with  OH  of  Fig.  2,  it  was 

expected  that  the  loss  contribution  due  to  OH  is  lass  than  10"2  dB/km  at  2.55  ^im.  Recent  scattering 

measurements  performed  on  bulk  ZrFa-based  glasses  between  2,4  pa  end  3.2  um  have  demonstrated  that 
tha  intrinsic  scattering  level  as  low  as  10~‘  dB/km  can  be  achieved  at  2.55  pm  [5],  Tha  determination 
of  intrinsic  multiphonon  absorption  edges  in  heavy  metal  fluoride  glasses  still  prssents  some  uncer¬ 
tainty  due  to  background  interfarances  arising  from  rare-earth  impurity  absorption  in  tha  infrared  1 
but  based  on  tha  best  estlmatas  and  careful  extrapolation  of  experimental  data  collected  for  a  number 
of  current  "state-of-the-art"  ZrFq-basad  glasses,  the  multiphonon  absorption  contribution  la  projected 
to  be  at  suet  «wl0~2  dB/km  between  2.3  and  2.8  pm  [6].  Thus,  in  the  abssnee  of  transition  metal 
impurities  whose  absorption  bands  tall  off  toward  the  2  >»m  to  3  pm  wavelength  region  and  neodymium 
impurities  which  exhibit  e  narrow  absorption  peak  at  around  2.53  pm,  and  of  flbar  protesting  lnducad 
scattering  dafacta,  it  la  expected  that  ultra-low  optical  losaaa  in  tha  order  of  10“‘  dB/km  can  ba 
achieved  in  ZrF^-baaad  glaaa  fiber*  at  2.33  >0. 

PREPARATION  OF  HEAVY -METAL  FLUORIDE  GLAB5ES  AND  FIBERS 

Heavy  matal  fluoride  glasees  baaed  on  Zr?4,  sometime*  celled  fluoroslrconate  glees**,  are  conmonly 
used  in  the  preparation  of  potential  ultra-lov  loss  fiber*  because  they  ere  relatively  ateble,  compered 
to  other  heavy-metal  fluoride  glees**.  They  generally  contain  30-70  mol  X  ZrFA  as  the  primary  glass- 
forming  component,  19-31  mol  X  B*F2  a*  a  glaaa  network  modifier,  and  lesser  amounts  of  alternate  fluor¬ 
ide*  which  serve  as  glass  stabilisers  and  refract iv#  index  modifiers.  Table  1  list*  soma  typical 
fluroslrconata  glaaa  compositions  reported  for  tha  fabrication  of  infrared  flbara. 
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GLASS  COMPOSITION  (mol  X)  REFERENCES 


Zr-Ba-Gd-Al 

61  ZrF(,-32  BaF2-3.9  GdF3~3.1  AlF3 

[7] 

Zr-Ba-La-Al-Li 

53  ZrF4-19  BaF2-5  LaF3-3  AlF3-20  LiF 

18] 

Zr-Ba-La-Al-Na 

53  ZrF4-20  BaF2-4  LaF3-3  AlF3-20  NaF 

[9] 

Zr-Ba-La-Al-Na 

55  ZrF4-31  BaF2-S  La?3-5  A1F.-4  NaF 

[10] 

Zr-Ba-La-Al-Na-In 

54.9  ZrF4-22.33  B*?2-3.92  UF3-14.71  NaF-3.73  A1F3-0.19  InF3 

[11] 

Table  1.  Typical  Haavy  Matal  Fluorlda  Glaaaaa  for  Infrarad  Flbara 

Tha  incorporation  of  FbF2  or  ThFj  to  tha  compoaitlona  llatad  In  Tabla  1  will  glva  rise  to  an  increase  In 
tha  glaaa  rafractlva  index,  while  tha  addition  of  HfP4  or  tha  raductlon  of  AlFg  contant  will  decrease  It. 

Fluorlda  glaaaaa  can  ba  praparad  by  fualng  anhydroua  fluorldaa  at  temperatures  ranging  from  800'C 
to  1000*C  for  about  ona  hour,  or  by  converting  oxide  raw  material*  to  fluorldaa  ualng  ammonium  bifluorlda 
(NF4F.HF)  at  around  40Q*C  prior  to  tha  f union  proeaas.  They  ara  maltad  In  capped  platinum,  gold,  or 
vitraoua  carbon  cruclblaa  In  a  dry  inert  atmoaphara  of  argon  or  nitrogen  and  ara  uaually  formed  by  caatlng 
In  pre-haatad  matal  molda. 

ZrF4-baaad  glaaa  flbara  have  baan  praparad  from  both  crucible  and  preform  techniques.  Tha  cruclbla 
approach  la  moat  daalrabla  bacauaa  It  allova  tha  continuity  of  tha  drawing  procaaai  and  in  addition, 
glaaa  malta  can  ba  rapidly  quenched  directly  Into  flbara  thua  preventing  any  drawing  induced  cryatalli- 
aatlon.  In  contract  to  oxide  glaaaaa,  fluoroalrconate  glaaaaa  exhibit  a  ahaar  vlacoaity  of  laaa  than 
10  Polaaa  at  tanparaturaa  Juat  above  tha  cryatalllaation  region  (n 430'C~350*C)  and  around  1  Polaa  at 
tha  llquldua  temperature  («  530*C)j  and  aa  a  raault,  cruclbla  drawing  directly  from  fluorlda  glaaa  malt, 
l.a.  abova  tha  cryatalllaation  point,  cannot  ba  eaaily  achieved.  Fluorlda  glaaaaa  alao  dlaplay  ona  of 
tha  ataapaat  viecoaity-taaparature  profile  coupled  with  a  high  tendency  toward  cryatalllaation  within 
tha  flbar  drawing  temperature,  l.a.  juat  below  400 *C  where  tha  ahaar  vlacoaity  rangee  from  10*-10° 

Polaaa  [8]|  and  conaequantly,  cruclbla  drawn  flbara  ara  eubjected  to  non-uniformity,  and  microcryatalll- 
aation  which  la  generally  Induced  by  tha  cruclbla  wall. 

Praaant  fluorlda  glaaa  flbar  technology  raliaa  atrongly  on  tha  preform  caatlng  approach.  In  thla 
approach,  cora  malta  ara  directly  caat  Into  cladding  tubaa  to  form  waveguide  praforma.  Fluorlda  glaaa 
cladding  tubaa  with  uniform  wall  thioknaaa  and  controlled  bora  alia  can  ba  obtained  by  rotating  cladding 
malta  ualng  matal  molda  prior  to  tha  aolldlflcatlon  atap.  Fig.  3  Uluetratea  tha  aaquanca  of  atapr 
aaaoolatad  with  tha  rotational  caatlng  proceae.  Fluorlda  glaaa  praforma  ara  than  drawn  at  around 

tho  glaaa  aoftanlng  point  whara  again  tha  rat*  of  cryatalllaation  la  relatively  high.  Btrlngant  daalgn 
of  tha  draw  furnace  and  tight  control  of  tha  draw  paramatare  ara  nacaaaary  to  prevent  flbar  drawing 
Induced  mlcrocryatalllaatlon.  Both  raalatanc*  and  RF  haatlnga  have  baan  uaad  In  fibarlalng  fluorlda 
glaaa  praforma. 

THE  PROBLEM  OF  EXTRINSIC  AB80RPTI0H  ASSOCIATED  WITH  IMPURITIBB 

Within  tha  2  pm- 4  pm  apactral  region  where  poaaibla  operating  vlndowa  for  tha  haavy  matal  fluorlda 
glaaaaa  occur,  axtrlnalc  abeorption  originating  from  tranaitlon  matal  and  rara-aarth  lmpuritlaa  la  moat 
detrimental  toward  achieving  ultra-low  loaa  optical  flbara.  Tha  emergence  of  a  tranaparant  window  at 
2.33  pm  aa  daacrlbad  earlier  haa  atlrrad  an  emphatic  toward  purifying  fluorlda  glaaa  atartlng  material*, 
•pacifically  from  tranaitlon  matal  lmpuritlaa  alnc*  tha  rara-aarth  alamanta  -  except  for  Nd  -  abaorb  more 
atrongly  at  allghtly  longer  wavelength*.  Tabla  2  11a ta  tha  level  of  each  Impurity  caualng  a  loaa  of 
0.01  dB/km. 


OPERATIONAL  WAVELENGTH 


Impurity 

2.0  am 

2.5  am 

3.0  am 

4.0  Mm 

Fa 

0.11 

0.33 

3 

25 

Co 

0.08 

0.32 

10 

50 

N1 

0.11 

1.67 

80 

100 

Cu 

7.3 

71.50 

1000 

>5000 

Nd 

- 

0.30 

16.7 

Ca 

>3000 

- 

20 

0.20 

Pr 

0.23 

3.33 

25 

0.50 

8m 

10 

3.85 

1.7 

1.43 

Tb 

0.40 

- 

0.7 

>3000 

Tabla  2.  Impurity  Lavala  (ppb)  Caualng  0.01  dB/km  Loaa  [Raf.  12] 

Hlgh-purlty  fluorlda  chetalcala,  other  than  ZrPg,  have  baan  generally  praparad  from  direct  conversion  of 
matal  carbonate*  or  oxldaa  to  fluorldaa  ualng  hydrofluoric  acid  (Hf).  Tha  carbonate*  of  Ba,  N«,  Li, 
tha  oxidt  of  Al,  and  Hf  ara  commercially  available  with  tranaitlon  matal  impurity  level  in  tha  ppb 
rang*.  Recently  much  emphaale  have  been  placed  on  the  purification  of  ZrF4.  Taohnlquea  such  aa 
sublimation  [13,  14] ,  ion-axohanga  [13],  and  chemical  vapor  purification  [16]  have  baan  investigated, 
but  tha  degree  of  purification  cannot  ba  readily  aaaaaaad  Whan  tha  tranaitlon  matal  laval  i*<  300ppb; 
thie  la  due  to  strong  Er  lntarfarring  matrix  linaa  aaaoclatad  with  epactro-chemical  emlaaion  taohnlquea 
generally  uaad  In  tract  analyala  of  tranaitlon  matal  lmpuritlaa.  A  recently  developed  purification 
approach  baiad  on  recryetalllaatlon  and  extraction  have  demonstrated  that  tha  Pa  contant  in  ZrFi  can 
ba  minimiied  to  <1  ppb  in  tha  abaanca  of  contamination  picked  up  during  proceeding  [17],  This  raault 
was  confirmed  by  Fa  isotopa  tracor  analyala.  Tha  extraction  technique  alio  allows  an  indirect  aaaaaamant 
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of  trace  amounts  of  Cu  remaining  In  the  purified  ZrF$  which  fall*  to  around  3  ppb.  The  removal  of  Ni  end 
Co  Is  still  under  Investigation!  and  the  purification  of  rare-earth  fluorides  such  as  GdF3  and  LBF3 
from  Nd  is  being  conducted  using  sons  refining  techniques. 

OPTICAL  PROPERTIES  OF  HEAVY  METAL  FLUORinE  GLASSES  AND  FIBERS 

Fluoride  glasses  are  known  to  be  prone  to  devitrification)  but  with  the  use  of  high  purity  start¬ 
ing  materials,  stable  glass  compositions,  and  stringent  processing  conditions,  ultra-high  optical 
quality  and  crystal-free  ZrP^-based  glasses  can  ba  prepared.  Tabla  3  lists  the  light  scattering  loss 
data  obtained  from  two  ZrF^-BaFj-LaFj-AlFj-LiF  bulk  glass  specimens  measured  directly  In  the  Infrared 
spectral  region  associated  with  ultra-low  loss  fluorids  glass  fiber  applications,  using  a  color  center 
laser  as  an  excitation  source  (3], 


X  (  pm) 

1/X4  (fm'S 

lost  (dB/km) 
(theoretical) 

Measured  scattering  loss  (dB/km) 
for  ZrFA-based  glasses 

Glass  No.  1 

Glass  No.  2 

2.4 

0.0301 

0.0113 

0.0136 

0.0168 

2.5 

0.0236 

0.0097 

0.0113 

0.0148 

2.6 

0.0219 

0.0083 

0.0103 

0.0132 

2,8 

0.0163 

0.0060 

0.0082 

0.0098 

3.0 

0.0123 

0.0044 

0.0061 

0.0070 

3.2 

0.0093 

0.0033 

0.0052 

0.0061 

Tabla  3.  Infrared  Light  Scattering  Losses 

in  Heavy  Metal 

Fluoride  Glasses 

The  total  scattering  coefficients  measured  between  2.4  ft. m  and  3.2  ^m  exhibit  a  typical  1/X  ^  Rayleigh 
behavior  and  lie  near  the  theoretically  predicted  Intrinsic  minimum  values  for  these  materials  [3] . 

In  addition,  light  scattering  measurements  performed  in  the  visible  spectral  region  have  demonstrated 
that  these  high  optical  quality  glasses  exhibit  total  scattering  loss  1/2  to  2/3  that  of  the  bast 
synthetic  allies  [3].  The  low  scattering  levels  obtained  In  both  infrared  and  visible  spectral  regions 
ware  uniformly  retained  throughout  the  entire  volume  of  the  bulk  fluoride  glasses  suggesting  a  high 
degree  of  homogeneity. 

The  spectral  loss  data  obtained  for  a  state-of  the-art  fluoride  glass  fiber  la  shown  In  Fig.  4  [3], 
The  fiber  structure  consists  of  a  Zrt^-HfFA-BaFj-LaFqnAlF  -NaF  glass  oladding,  a  ZrF^-BaFj-LaFs-AlF-NaF 
glass  core,  and  a  teflon  FBP  polymer  protective  coating.  The  fiber  numerical  aperture  of  0.1  was 
determined .  The  lass  measurements  performed  on  the  (0  m  long  fiber  show  a  minimum  loss  of  4  dD/km  at 
the  2.53  ^tm  transparent  window  -  the  lowest  reported  at  this  writing  -  with  an  OH-fundamental  absorption 
of  lass  than  30  dB/km  at  2.87  >>m.  The  scattering  lose  contribution,  measured  Independently  from  the 
total  optical  loss,  exhibit  a  l/\  *  Raylaigh  dependence  and  a  wavelength  independent  loss  of  <u  ldB/km 
which  can  ba  attributed  to  the  presence  of  small  amounts  of  microcrystallites  or  bubbles.  The  absorption 
loss  contribution  of  n  3  dB/km  at  2.55  >im  can  be  associated  to  the  presence  of  about  20  ppb  Fa,  and 
trace  amounts  of  Hi,  Co,  and  possibly  Nd.  It  is  expected  that  further  purification  of  the  raw  materials, 
clean  room  processing  conditions  to  prevent  trace  level  impurity  contamination,  and  stringent  control 
over  preform  casting  and  flbar  drawing  parameters  will  eventually  lead  to  the  10~z  dB/km  optical  loss 
level  expected  in  ZrF^-basad  glass  optical  fibers  at  2.53  ^>m. 

CONCLUSIONS 


Heavy  metal  fluoride  glasses  based  on  ZrF$  are  considered  to  be  prime  candidate  for  ultra-low 
loss  fiber  applications  owing  to  their  superior  glass  forming  ability  with  respect  to  other  halide 
glasses.  For  the  ZrF^-basad  glass  system,  it  was  predicted  that  a  second  operating  window  for  ultra- 
low  loss  fiber  applications  exists  at  2.33  /m,  where  the  extrinsic  absorption  loss  contribution  from 
the  rare-earth  impurities  Is  lass  severs.  Extensive  purification  efforts  have  been  devoted  toward 
suppressing  the  transition  matsl  Impurities  to  the  ppb  levels  in  ths  fluoride  raw  materials.  Purifi¬ 
cation  techniques  that  have  been  investigated  include  sublimation,  ion-exchange,  chemical  vapor  puri¬ 
fication,  racrystallisatlon,  and  extraction  for  the  removal  of  transition  metal  impurities,  and  sons 
refining  for  the  minimisation  of  rere-earth  impurities,  OH-fundamental  absorption  of  lass  than 
20  dB/km  has  been  achieved  in  ZrF^-baaed  glass  fibers  and  ths  expected  loss  contribution  dus  to  OH  at 
the  2.33  pirn  transparent  window  is  less  than  10_‘  dB/km.  Light  scattering  measurements  performed 
directly  In  the  infrared  spectral  region  aasociatad  with  ultra-low  loss  fiber  applications  have  con¬ 
firmed  the  explicit  1/ X 4  Raylaigh  scattering  behavior  in  both  ZrF/ -based  glasses  end  fibers.  The 
measured  scattering  loss  level  in  bulk  ZrF/~basad  glass  tpaclmans  lias  near  the  theoretically 
predicted  Intrinsic  minimum  values  and  is  1/2  to  1/3  that  of  ths  best  synthetic  silica.  Ths  spactral 
loss  obtained  for  a  state-of-the-ert  ZrF^-based  glass  fiber  exhibits  a  low  lots  of  4  dB/km  at  the 
2.55  ptm  window  and  an  OH-fundemtntal  absorption  of  less  than  30  dB/km.  Ths  fiber  scattering  loss 
contribution  of  about  1  dB/km  was  attributed  to  small  amounts  of  particle  Inclusions  Including  micro- 
crystallites  or  bubbles,  and  the  3  dB/km  absorptive  component  at  2.53  was  associated  with  trace 
amounts  of  F«,  Nl,  Co  and  possibly  Nd.  It  la  expected  that  further  purification  of  the  fluorids  raw 
materials,  ultra  clean  room  processing  conditions  to  prevent  trace  level  impurity  contamination,  and 
most  stringent  control  over  preform  casting  and  fiber  drawing  parameters  will  eventually  lead  toward 
the  10-z  dB/km  optical  loss  level  expected  In  ZrF^-basad  glass  optical  fibers  at  2.55  ^m. 
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Wavelength  (jum) 

Fla.l  INTRINSIC  OPTICAL  ATTENUATION  OF  VARIOUS  MATERIALS 

(from  T.  Manabe) 


Wavelength  (^m) 


Wavenumber  (cm*1 ) 


Flg.2  POTENTIAL  OPTICAL  WINDOW  AT  2.8Bjjm  FOR  FLUORIDE  GLASS  FIBERS 
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Fig. 3  ROTATIONAL 


CASTING  PROCESS  (Ref.  18) 
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GLASS  FIBRES  FOR  TRANSMISSION  IN  THE  8-12  MICROMETRES  WAVEBAND 

N.J.  Pitt  and  M.G.  Scott 

Standard  Telecommunication  Laboratoriee  Limited, 

London  Road,  Harlow,  Eeeex,  CM17  9NA,  England 


SUMMARY 

Chalaogenida  glaeeee,  cryatalline  halide*  and  hollow  waveguide*  have  been 
aeaeeaed  for  tranemieeion  in  the  8  -  12pm  waveband.  Of  thee*,  ohalcogenid*  glaeeee 
have  been  aeleated  for  development  of  fibre  optic  mater ial*.  The  bulk  properties  of 
a  range  of  glasses  have  bean  studied  and  compositions  chosen  to  optimise  transmission 
and  thermal  stability.  The  role  of  major  impurities  and  the  procedures  used  to 
minimis*  them  are  described.  Selected  compositions  have  been  drawn  into  long  lengths 
of  polymer  coated  fibre  with  diameters  controlled  accurately  up  to  500  tin.  Current 
fibres  transmit  at  COj  laser  wavelengths  with  losses  of  5  -  10  dB  m-1  but 
potential  for  substantial  Improvement  still  exists,  Mechanical  testing  has  shown 
that  with  suitable  coatings  ohalcogenid*  fibres  are  flexible  enough  to  sustain  a  bend 
radius  of  the  order  of  1  cm. 


INTRODUCTION 

The  6  -  12  urn  waveband  is  of  interest  for  a  wide  rang*  of  military  applications 
including  laser  rang*  finders,  thermal  Imaging,  sensing  and  tracking  systems.  Most 
Importantly  it  includes  the  output  waveband  of  the  tuneable  COo  laser.  The 
availability  of  suitable  optical  fibres  for  this  waveband  would  not  only  allow 
significant  savings  in  weight  and  space  by  the  replacement  of  conventional  lens-based 
optical  systems  but  would  open  up  new  applications.  In  many  cases  fibre  length*  of 
only  a  few  metres  will  b*.  required  and,  therefore,  fibre  losses  of  the  order  of 
1  dB  m”1  will  be  adequate.  However,  the  development  rf  lower  losses  would  allow 
longer  length  applications  and  short  length  COj  laser  power  delivery,  a  requirement 
which  is  likely  to  increase  with  the  development  of  rugged  light-weight  r.f.  waveguide 
lasers. 


CANDIDATE  MATERIALS 

The  choice  of  mater lale  that  are  transparent  in  the  8  -  12  iiin  waveband  is 
limited  to  those  comprising  weakly  bonded  heavy  atoms  in  order  that  the  i.r.  phonon 
edge  should  be  at  a  wavelength  much  longir  than  12  pm.  Several  groups  of  materials 
are  of  potential  interest;  of  these  ohalcogenid*  glass  and  crystalline  halide  fibres 
have  received  much  attention  worldwide,  but  more  recently  hollow  /aveguides  have  been 
developed  for  COg  laser  transmission. 

Polyoryetalllno  fibres,  usually  baued  on  the  halides  of  thallium  or  silver,  are 
fabricated  by  extrusion,  typically  at  rates  of  the  order  of  centimetres  par  minute. 
This  is  muah  slower  than  in  glass  fibre  drawing,  where  speeds  of  several  metres  per 
minute  are  more  common.  The  prim*  advantage  of  crystalline  fibres  is  their  low 
losst  0.1  dB  m"1  at  10.6  u»  has  been  reported  [lj.  The  ability  of  these 
materials  to  deform  plastically,  which  allows  them  to  be  extruded,  makes  the  fibres 
susceptible  to  meohaniaal  damage  and  limits  the  extent  to  which  they  can  be  bent 
before  the  formation  of  slip  lines  leads  to  rapid  deterioration  in  transmission  due  to 
scattering.  Typically  a  500  pm  fibre  will  have  a  minimum  bend  radius  of 
approximately  10  cm. 

Single  arystal  fibres  offer  the  potential  of  reduced  scattering  losses  due  to 
the  absence  of  grain  boundaries.  Alkali  and  thallium  halides  have  been  used,  the 
lowest  loss  being  0.3  dB  m-1  for  CsBr  fibre  The  modified  Era  crystal  growth 

techniques  used  for  fabrication  suffer  from  several  disadvantages!  the  maintenance 
of  stable  growth  conditions  is  difficult,  growth  rates  are  only  millimetres  per  minute 
and  the  technique  does  not  lend  itself  to  production  of  fibres  with  a  core/cladding 
struotur*.  Minimum  band  radii  may  be  smaller  than  those  attained  using  polycrystals 
but  many  of  the  materials  best  suited  to  single-crystal  fabrication  exhibit  poor 
environmental  stability,  being  rapidly  attacked  by  moisture. 

Hollow-aor*  fibres  offer  an  alternative  approach  to  the  problem  of  mid-l.r. 
waveguldlng,  and  can  be  divided  into  two  types.  The  first  have  a  metallic  inner 
cladding  suah  as  germanium,  aluminium  or  nickel  >-33,  which  provides  a  surface  that 
is  highly  reflective  to  low  order  modes.  The  seoond  type  la  fabricated  from  glass 
and  transmits  because  the  real  part  of  the  aomplex  refractive  index  can  fall  below 
unity  in  the  region  of  a  strong  absorption.  Hollow  oxide  glass  fibres  have  only 
recently  received  attention  but  losses  of  2  dB  m“l  have  been  achieved  at  10.6  pm 
using  vitreous  silica  C4]  and  similar  results  have  been  reported  for  a 
GeOj-ZnO-KgO  glass  1SJ,  a  commercial  borosilioate  and  a  lead  silicate 
glass  lej,  The  us*  of  oxide  glasses  offers  many  advantages  in  terms  of  ease  of 
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fabricationi  environmental  and  thermal  stability,  strength  etc.(  but  it  is  not  clear 
whether  such  fibres  can  be  optimised  for  wideband  applications.  A  further 

disadvantage  is  their  flexibility,  which  is  restricted  not  only  by  the  need  to  UBe 
relatively  large  fibre  diameters  to  obtain  low  attenuation,  but  by  the  high 
sensitivity  of  this  type  of  fibre  to  bending  induced  lossee- 

A1 though  there  is  an  extremely  wide  range  of  glass-forming  chaloogenide 
compositions,  those  that  transmit  in  the  8  -  12  urn  waveband  must  generally  consist  of 
two  or  more  of  the  elements  Ga,  As,  Be  or  those  below  them  in  the  periodic  table. 

The  use  of  suoh  glasses  offers  the  advantages  of  speed  and  control  normally  associated 
with  oxide  fibre-drawing  techniques,  and  yields  fibres  that  are  both  flexible  and 
chemically  durabla.  The  lowest  loss  reported  at  10.6  pm  is  3  dB  m-1  for  a  Ge-Sb-Sa 
fibre  E"J.  The  relative  merits  of  ahalcoganide  glasses  and  other  candidate 
meter iale  are  compered  in  Table  1.  Although  losses  in  ohaloogenides  are  currently 
somewhat  higher  then  those  shown  by  crystalline  fibres,  the  potential  for  improvement, 
combined  with  their  several  advantages  over  other  fibre  types,  stimulated  the 
development  of  chaloogenide  fibre  materials,  which  ii  reported  in  the  reet  of  thia 
paper. 


GLASS  FABRICATION  AMD  CHARACTERISATION 

Glasses  were  synthesised  from  the  elements  germanium,  areenic,  selenium  and 
tellurium  of  5  or  6  N  purity.  Batchaa  of  15-40  g  ware  weighed  in  an  argon-tiuehad 
glove  box  end  seeled  ineide  evacuated  eilioe  ampoules  before  being  melted  in  a  rocking  > 

rotation  furnace  £8],  After  melting  for  18  hours,  at  900°C  or  825°C  for  glass 
with  or  without  germanium  reapeatlvely,  the  furnace  wee  slowly  cooled  to  600°C 
before  removing  the  ampoule  to  cool  in  air. 

The  glees  trenaition  temperature,  Tg,  end  crystallisation  temperature,  Tx,  of 
each  glass  were  determined  using  a  DuPont  1090  differential  scanning  calorimeter  (DSC) 
on  30  mg  samples  heated  at  10°C  min"11  in  ergon.  The  glasses  were  then  annealed 
at  T—  +  5°C  before  cutting  and  poliahing  samples  for  infrared  ipeotrosoopy,  which 
wan  carried  out  using  a  Nicolst  5  MX  F.T.  spectrometer. 


TABLE  1  COMPARATIVE  MERITS  OF  8  -  12  urn  FIBRE  MATERIALS 


Chaloogenide 
glee*  fibre 

Polycrystalline 

fibre 

Single  Crystal 
fibre 

Hollow-oore 

fibre 

Attenuation 

Medium 

Good 

Good 

Medium 

Flexibility 

Good 

Poor/Medium 

Medium 

Poor 

Fabrication 

rata 

Good 

Medium 

Poor 

Good 

Environmental 

atabillty 

Good 

Medium 

Poor/Medium 

Good 

INFRARED  ABSORPTION  IN  BULK  GLASSES 


Figure  le  shows  the  absorption  spectrum  of  a  glaaa  of  composition 
aesAsagSas?.  The  peak  at  5  2.8  y  m  can  be  attributed  to  oxide  impurities,  which 
react  preferentially  with  Ge  atoms  to  form  Ga-0  bonds  It  can  be  seen  in 

Fig.  lb  thet  by  eliminating  Oe  from  the  glees  this  strong  absorption  is  replaced  by 
another  at  15.4  Mm,  which  can  be  attributed  to  As-0  bonds  t 103 .  jn  shifting  the 
absorption  to  a  longer  wavelength  it*  contribution  to  loeees  in  the  8  -  12  ms  bend  is 
reduced.  Nevertheless  there  remain  sevaral  oxide  species  thet  give  rise  to  weak 
absorptions  between  8  end  16  |im.  These  are  barely  distinguishable  in  bulk  samples 
but  contribute  significantly  to  losses  in  fibres,  thus  making  it  necessary  to  reduce 
oxide  impurity  levels  below  1  ppm. 


25-3 


Wavelength  (ym) 


Standard  techniques  war*  uaad  to  remove  aurfaoa  ox Ida  from  tha  raw  materials. 
Selenium  waa  vacuum  baksd  at  300°C  til]  ttn<j  tellurium  waa  etched  in  a 
bromine/hydrobromio  acid  aolution  lia3.  Tha  germanium  and  araenio,  which  waa  uaad 
in  ita  amorphous  form,  showed  little  tendency  to  oxldiae  at  room  temperature  and 
therefore  received  no  further  purification.  Silica  ampoules  ware  prepared  by 
cleaning  in  hydrochloric  acid,  rinsing  in  de-lonlaed  water  and  vaauun  baking  at 
350°C. 


Oxide  levels  can  be  further  reduced  by  tha  addition  of  gattering  agents  to  whiah 
oxygen  will  preferentially  bond.  The  use  of  aluminium  has  been  widely 
reported  (-7,  13],  However,  even  when  added  in  amounts  lees  than  100  ppm  we  found 
aluminium  to  promote  watting  and  slight  attack  of  tha  ailioa  ampoule.  Olaaaaa  of 
improved  quality  were  obtained  by  adding  aluminium  in  the  form  of  ita  bromide,  which 
waa  also  found  to  lower  hydride  Impurity  levels,  presumably  by  the  formation  of 
volatile  HBr.  Kxaees  aluminium  and  bromine  are  believed  to  be  Incorporated  into  the 
glass  but  further  work  la  required  to  establish  whether  such  additions  contribute  to 
scattering  loaaea.  Figure  lc  illustrates  the  improved  transmission  that  was  achieved 
by  Implementing  these  purification  procedures. 


Wsvslsngth  (pm) 


fig, a  Iftto!  of  dermanlum  upon  the  Infrared  absorption  edge 
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W«v*l«ngth  <|im) 


Further  reduction  In  loaaea  at  8  -  12  um  can  ba  achiavad  by  ahifting  tha 
intrinaia  multiphonon  adga  to  longer  wavelengthe.  Figure  2  ahowa  how  tha 

two-phonon  abaorption  peek  at  17.8  hi  (dua  to  Oa-Ba  bonda)  waa  aliminatad  by 
reducing  tha  germanium  oontant  of  tha  glaaa  from  30  to  0  atom  ».  At  tha  aama  tima 
tha  abaorption  at  20.6  vim  waa  found  to  increaaa  dua  to  tha  cornequent  formation  of 
mora  Aa-Sa  bonda.  Tha  abaorption  apaotrua  waa  furthar  improved  by  aubatituting  tha 
haaviar  alaaant  tallurium  for  aoma  of  tha  aalenium,  aa  can  ba  aaan  in  Fig.  3.  Tha 
abaorption  at  20.6  urn  dacreaaed  by  a  factor  of  two  aa  tha  Ta  oontant  waa  inoraaaad 
to  30  atom  t.  Table  2  aummariaaa  tha  affaot  of  oompoaition  upon  tha  multiphonon 
adga  and  for  oomparieon  alao  ahowa  data  for  a  Qe-Sb-Sa  glaaa  of  a  oompoaition 
aimilar  to  that  reported  in  rafaranoa  [7].  Tha  lowering  of  glaaa  tranaition 
temperature  with  removal  of  garmanium  and  addition  of  tellurium  la  an  inaaaapable 
conaequanoa  of  uaing  haaviar,  more  weakly  bonded  elementa  in  order  to  extend  the 
tranamleaion  range.  Although  tha  Aa^SeioTaao  glaaa  exhibited  a  weak  DSC 
oryetallieatlon  exotherm,  the  glaaa  containing  201  Ta  waa  found  to  ba  quita  atabla 
and  ia,  therefore,  a  promlaing  material  for  fabrication  of  low  loaa  fibre. 


TABLE  2  EFFECT  OF  COMPOSITION  UPON  OPTICAL  AND  THERMAL  PROPERTIES 


Compoaltion 

Magnituda  of 
abaorptiona 

Qe-Sa  paak 
at  17.8  v>m 

2  phonon 
(om“M 

Aa-Sa  paak 
at  20.6  Mm 

Wavelength  at 
whioh  abaorp¬ 
tion  "  2  om-^ 

<  v  m> 

O#30Ab158#35 

6.1 

6.8 

16.3 

3b3 

B 

Oa5Aa3e8a37 

1.3 

18.6 

17.4 

203 

wm 

A*40  8*60 

- 

33 

17.8 

185 

■a 

A*408*40T#20 

- 

19.4 

18.5 

146 

A,408,30T*30 

- 

14.5 

IB. 7 

139 

°*158b2SS*60 

5.3 

10  * 

16.3 

239 

*  8b  -  8a  abaorption  paak  at  21.2  mb. 


FIBRE  FABRICATION 


Pig, 4  Pressurised  oruolble  fibre  drawing  apparatus 


The  apparatus  used  for  fibre 
drawing  is  illustrated  in 
Fig.  4.  The  glass  to  be  drawn 
was  placed  inside  a  clean  dry 
vitreous  silica  crucible,  which 
was  slowly  purged  with  argon  in 
order  to  minimise  contamination 
by  oxygen  and  water  vapour. 

The  cruolble  was  heated  by  a 
resistance  furnace,  the 
Interior  of  which  was  also 
purged  with  ergon.  A 
secondary  heating  element 
around  the  cruolble  noaale 
allowed  the  drawing  temperature 
to  be  independently  and 
aoaurately  controlled.  The 
fibre  diameter  wae  continuously 
monitored  and  controlled  by 
adjusting  the  speed  of  the 
take-up  drum.  Fibres  several 
hundred  metres  in  length 
were  pullad  at  rates  of 
5  -  1.0  m  min”1.  The 
diameter  of  fibres  aould  be 
controlled  within  a  few  microns 
up  to  125  y  m.  However,  to 
aohieve  t  51  control  on  fibres 
up  to  500  y  m  in  diameter  it  was 
necessary  to  apply  a  controlled 
top  pressure  to  the  crucible  by 
restricting  the  argon  purge 
outlet.  Fibres  have  been 
coated  on-line  with  various 
uv-oured  epoxy-acrylates  having 
a  range  of  mechanical 
properties.  The  tougher 
coatings  improved  the  fibre 
strength  and  greatly  enhanced 
the  ease  with  which  they  could 
be  handled. 


MECHANICAL  TESTING 


An  Inatron  tensile  tester  was  used  for  mechanical  testing.  Ten  centimetre 
gauge  lengths  of  both  coated  and  uncoated  fibre  wero  tested  at  room  temperature 
using  a  constant  1%  min”1  strain  rate.  Several  measurements  were  made  and  the 
results  averaged,  ignoring  those  in  which  the  fibre  was  observed  to  have  failed  next 
to  the  oroes-head.  The  results,  which  are  shown  in  Table  3,  indicate  an  Increase 
from  1%  to  1.61  in  the  average  strain  to  failure  due  to  the  protective  fibre 
coating.  These  are,  however,  preliminary  results  and  are  not  expected  to  rapreaent 
the  beat  that  might  be  aohlsved.  It  is  anticipated  that  improvements  to  processing 
conditions  will  enable  the  relatively  short  lengths  of  fibre  required  to  survive  a 
1.5  -  2.0%  proof-test.  A  100  pB  diameter  fibre  would  experience  a  maximum  strain 
of  only  0.51  upon  being  subjected  to  a  bend  of  1  cm  radius)  however,  an 
investigation  of  fatigue  behaviour  will  be  necessary  in  order  to  establish  the  level 
of  strain  that  aould  be  eustained  during  an  extended  period  of  service. 
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TABLE  3  MECHANICAL  PROPERTIES  OF  Gag  Ab3b  Sag7  FIBRE 


COATED 

UNCOATED 

No.  of  samples 

Diameter  (pm) 

Tensile  strength  (MPa) 

Strain  at  failure  (t) 

Young's  Modulus  (OPa) 

11 

82  t  4 

285  i  25 

1.61  ±  0.15 

18* 

20 

94  t  6 

177  ±  40 

0.96  l  0.15 

18  t  3 

Val.ua  determined  for  uncoatad  fibra 


FIBRE  ATTENUATION  MEASUREMENTS 


The  experimental  arrangement  used  for  attenuation  measurement*  is  shown  in 
Fig.  5.  A  conventional  out-back  technique  was  used,  successive  short  lengths  being 
removed  from  the  output  end  of  the  fibre.  By  tuning  the  COg  laser  the 
attenuation  could  be  measured  across  the  9.3  -  11 p m  wavelength  range.  Losses  in 
G)«!;As3qS*57  fibre  were  10  dB  a-1  at  10.6  pm  and  approximately  9  dB  m_1 
at  9.3  pm.  Optimisation  of  the  techniques  used  to  eliminate  oxide  impurities  will 
enable  substantially  lower  losses  to  be  achieved  and  a  potential  order  of  magnitude 
reduction  should  be  realised  in  As-Se-Te  based  fibres. 


Powsr  mstsr 


Ho.B  C02  later  attenuation  measurement  equipment 


CONCLUSIONS 


Chalcogenida  glasses  offer  several  advantages,  in  comparison  with  crystalline 
halides  and  hollow  core  fibres,  whloh  make  them  well  suited  as  waveguide  materials 
for  the  8  -  12  M  m  waveband.  Long  lengths  of  fibre  can  be  drawn  at  speeds  of 
several  metres  per  minute  uelng  a  pressurised  crucible  technique  that  enables 
diameters  to  be  controlled  accurately  up  to  900  pm.  When  protected  by  an 
epoxy-aarylate  coating,  fibres  exhibit  a  significant  improvement  in  strength  and  can 
sustain  a  bend  radius  of  the  order  of  1  cm.  Losses  in  fibres  based  on  the  Oe-As-Be 
system  are  currently  below  10  dB  m-1  at  the  COj  laser  wavelength.  However, 
more  promising  compositions  have  been  identified  in  the  As-Se-Te  system,  which,  with 
further  improvement  in  purification  and  oxide  gettering  techniques,  offer  a 
potential  order  of  magnitude  reduction  in  losses. 
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DISCUSSION 


J.Fridman,  US 

( 1 )  Your  efforts  for  the  improvement  of  the  glass  by  the  removal  of  Ge  and  the  addition  of  Te  show  results  in  the 
1 6—20  pm  range  and  yet  none  in  the  more  important  8- 1 2  pm  waves  and  where  the  C02  laset  line  at  1 0,6  pm  is 
located.  What  can  you  do  about  that?  (2)  have  you  considered  drawing  fibres  from  ZeSe,  say  by  a  variation  of  the  CVD 
process  whereby  you  will  achieve  transmission  at  10,6  pm  in  the  tens  of  watts? 

Author’s  Reply 

(1)  The  results  presented  were  based  on  spectrometric  measurements  on  bulk  samples  and  do  not  give  precise 
definition  of  the  shapes  of  the  3-phonon  intrinsic  and  1  -phonon  oxide  absorption  peaks  in  the  8— 1 2  pm  region.  Further 
work  is  being  carried  out  to  clarify  the  situation.  (2)  We  have  not  considered  a  fibre  drawing  process  for  ZnSe. 

However,  I  am  aware  of  other  workers  having  used  ZnSe  single  crystal  waveguides  for  CO:  laser  transmission. 
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aonuKT 

Sintls  crystal  fibers  ars  Just  now  smarting  as  a  new  frontier  in  both  materials 
selsnes  and  device  technology.  Various  methods  have  already  been  developed  for  the 
preparation  of  single  crystal  fibers  of  a  wide  ranga  of  materials  with  useful  proper¬ 
ties,  Along  with  discueeiona  of  fiber  growth  methods  and  potential  applications  for 
single  crystal  fibers,  current  research  on ‘the  growth  of  laser,  nonlinear  optic,  and  Ik 
transmitting  single  crystal  fibers  are  also  discussed. 


miODUCTIOI 

The  spectacular  development  of  silica  glass  fibers  for  optical  communication  and 
data  transmission  applloetlona  over  the  past  two  decadaa  is  well  known,  An  extensive 
effort  is  now  underway  to  extend  the  applicability  of  glass  fiber  technology  into  the 
mld-lk  region  for  thermal  imaging,  radiometric  eenslng,  and  high  power  transmission  for 
medical  and  industrial  applications,  Por  these  usee,  new  types  of  materials  are  being 
investigated  including  chaleogenlde  and  fluoride  glasses,  and  to  a  much  more  limited 
extent  polyeryetelllne  solids  such  as  the  silver  halides  end  KI8-3, 

ly  comperleon  to  the  advances  made  with  glass  fibers  and  tha  extensive  research  and 
development  effort  which  led  to  its  commercialisation,  ,the  field  of  single  crystal 
fibers  la  still  in  its  infancy,  Ivan  so,  the  work  that  has  been  done  so  far  seams  to 
indicate  that  tha  future  for  them  is  bright  and  that  these  flbere  represent  a  new  fron¬ 
tier  in  material  science,  crystal  growth,  and  dsvlea  research.  They  have  tha  potential 
of  being  useful  for  a  variety  of  optical,  electronic,  acoustic,  and  structural  applica¬ 
tions,  because  the  materials  which  can  be  grown  in  single  crystal  fiber  form  have  a  wide 
range  of  physical-chemical  properties.  Uoodman  (l)  in  1978  was  one  of  the  first  to 
suggest  a  number  of  potential  applications  for  single  crystal  fibers. 

Most  of  tha  device  research  on  single  crystal  fibers  to  date  has  cantered  on  minia¬ 
ture  fiber  lasera,  nonlinear  materials  for  modulators,  signal  processors  -*nd  parametric 
sources,  high-temperature  thermometry  applications  and  fiber  reinforced  composite  struc¬ 
tures,  Potential  areas  for  fiber  device  research  include  doublers,  isolators,  and  rota¬ 
tors  as  well  as  tha  use  of  single  crystal  flbere  of  fsrroalastlc  and  ferroelectric  mate¬ 
rials  to  produce  domain  wall  grating  arrays  for  interaction  with  and  control  of  acoustic 
and  optical  waves,  which  could  lead  to  programmable  spatial  filters  for  optical  process¬ 
ing,  tunable  acoustic  filters  for  signal  processing  and  grating  couplers  and  phase 
matching  gratings  for  Integrated  and  fiber  optics.  Some  crystal  fibers,  to  be  useful, 
will  have  to  be  clad  with  a  low  index  material  to  reduce  their  susceptibility  to 
environmental  damage  and  tha  number  of  guided  nodes,  Glass  coatings  of  controlled  index 
are  being  developed  for  soma  fiber  lasers  and  other  methods  for  changing  lndsx  and 
composition  in  tha  flbar  surface  by  chemical  reaction,  doping,  end  selective 
vaporisation  ars  also  being  explored. 

Over  fifty  different  materials  including  oxides,  halides,  borides,  carbides,  semi¬ 
conductors,  and  mstals  have  beau  already  prepared  in  single  crystal  fiber  form  by  a 
variety  of  techniques,  and  some  in  oryetal  form  for  the  first  time.  A  representative 
list  la  given  In  Table  I, 


uni  i 


kapresentatlva  List  of  Materials  Grown  in 
Single  Oryetal  Tiber  Form 


Sd itJaI jOjj  (TAO) 

AljOj  (Sapphire  and  kuby) 
LIMbO] 

Ii20e0) 

Od2(MoOe)j 

GaSegOq 

T3Pe5012  ( YIQ) 


*2°J 
Mb;  ••  j 
BaTiO] 


MdS 10] 

MngSlOg 

ScTaOg 

CaP2 

AgBr 

KtS-3 

Go 


iuctors 


Mb 

^amicondt 
81 

Refractory  Compounds 

B9G 

la>6 

TiB2 
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flBBI  G10UTH 

Theca  ace  a  mink jr  of  mathoda  which  have  bean  developed  foe  the  preparation  of 
•  ingle  ctyatal  fibere  ,  Thaee  include  growth  froa  the  malt,  solution,  or  the  vapor 
phase.  Only  the  aelt  growth  method  appear*  ueeful  for  preparing  device  quality  fibere 
because  of  the  greater  aaea  with  which  th*  fiber  dlaaeter,  length,  and  ccyatellographlc 
orientation  can  ba  controlled.  Halt  growth  aethoda  which  have  been  uaed  for  fiber 
growth  include  edge-defined  and  capillary-fed  growth,  eolldlf ication  In  capillary  tubee, 
and  th*  float-ion*  method.  Th*  firet  three  approach**  require  *  carefully  manufactured 
die,  crucible  or  orifice  aad*  froa  e  material  which  la  compatible  (non-reacting,  etc.) 
with  th*  aelt. 

Unlike  glaaeea,  cryetelllne  material*  exhibit  a  lerg*  change  in  vlacoalty  on  malt¬ 
ing,  and  therefor*  cryatela  are  free  to  move  about  In  th*  aelt  during  growth  unleea  con- 
■tralned  froa  doing  ao,  Hethoda  for  growing  eaall  dlaaeter  fiber  cryatela  auat  Include 
aoa*  method  of  controlling  th*  poaltlon  of  th*  growth  interface,  otherwise  large 
diameter  variation*  will  occur. 

While  the  flrat  auceeaeful  attempt  to  grow  a  fiber  eryetel  wee  made  by  Von  Cooper* 
In  1922  (2),  elngle  cryatal  fiber  growth  really  began  In  a  meaningful  way  with  the  work 
of  LaBall*  and  Hlaveky  (3)  In  1967  on  th*  growth  of  aapphlr*  filament*.  Thia  work  lad 
to  th*  developaant  of  th*  leportant  edge-defined,  fila-fod  growth  procaea  (4).  In  1972 
Haggerty  (3)  reported  on  the  developaant  of  a  four  beea  laaer-heatad  float  ion*  proceea 
for  th*  growth  of  aapphlra,  ^03,  TIC  end  Ti>2  fiber  cryatela.  Canon  and  Cockayne  (6) 
war*  th*  flrat  to  demonetrae*  th*  ua*  of  laaer  heating  for  float  non*  growth  of  oxide*, 
In  1973  Burrue  and  Stone  (7)  uaed  thla  method,  in  a  two-beaa  pedeatal-g rowth  geometry, 
for  th*  growth  of  alngl*  cryatal  fiber*  for  laaer  device*.  The  pedeatal  growth  method 
la  a  variation  of  th*  float-aona  technique  in  which  the  fiber  cryatal  la  aaallar  In 
dlaaeter  then  the  aourc*  rod  froa  which  it  growe,  rather  then  equal  to  it.  In  thla 
aethod,  which  la  llluatratad  in  figure  1,  th*  top  of  a  aourc*  rod  of  th*  material  to  be 
grown  1*  malted  with  the  laaer  beam  and  the  fiber  pulled  froa  th*  molten  droplet,  A* 
th*  fiber  growe,  th*  aourc*  rod  haa  to  be  puahad  Into  the  laaer  beam  to  maintain 
conatant  aelt  voluaa.  Initially,  Burru*  and  Stone  auoeaaafully  grew  Nd3+tYAG  flbar 
laaer*  *a  aaall  aa  30  urn  in  dlaaeter  and  greater  than  10  cm  in  length  and  ahortly 
thereafter  fiber*  of  Hd^^Oj  (S).  Burrla  and  Coldran  (9)  prepared  aepphlre-cled  ruby 
flbar*  by  a  alallar  method,  ualng  th*  laaer  to  evaporate  the  Cr  dopant  from  the  aurfac* 
of  th*  aa-grown  ruby  fiber,  creating  a  colorlea*  Cr-fra*  region  which  waa  separated  froa 
th*  heavily  doped,  higher  Index  cor*  by  a  sharp  boundary. 


VIOUBB  li  (a)  Schematic  of  th*  laser  heated  pedestal  growth  aethod. 

(b)  Photograph  of  an  actual  flbar  being  grown  by  this  method. 

In  1980  Mlmura  *t  *1.  (10)  described  a  gravity-fed  capillary  drawing  technique 

(figure  2),  which  la  alallar  to  th*  glaea  fiber  drawing  procais,  for  growing  single 
crystal  fiber*  of  th*  low  melting  material  KRS-3  (thallium  broaoiodide) .  In  th*  same 
year,  Brldgaa  at  al.  (11)  developed  a  preasurliad  capillary-fad  growth  method  for  grow¬ 
ing  Aglr  fiber  crystal*  (figure  3). 
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TlfiOftl  li  The  capillary  drawing  PIO0BI  3i  Tha  praaaurtaad  caplllary- 

aathod  uaad  by  Hlaura  at  el.  (10)  fad  flbar  growth  aathod  of  Brldgaa 

for  growing  KB8-3  alngla  cryatal  at  al.  (11), 

f lbara. 

■aaad  on  tha  work  of  aavaral  aarllar  investigators  (4,6)  a  broad  baaad  aultl- 
investlgator  prograa  waa  davalopad  at  Stanford  University  a  faw  yaara  ago  to  aaplora  tha 
potential  for  ualng  alngla  cryatal  flbara  In  a  variety  of  device  appllcatlona  and  In 
aatarlal  raaaarch.  The  padaatal  growth  aathod  waa  choaan,  together  with  laaar  heating) 
aa  our  baalc  growth  ayataa  bacauaa  it  appeared  to  be  tha  aoat  varicella  aathod  for  grow¬ 
ing  flbara  of  a  vary  large  nuabar  of  aatarlale  of  different  typaa,  Including  vary  high 
aelting  coapounda,  it  can  alao  ha  uaad  to  grow  cryatala  with  a  unlfora,  controlled  eoa- 
poaltlon,  and  avan  aany  Ineongruantly  waiting  coapounda.  Although  tha  aqulpaant  for 
producing  device  quality  alngla  cryatal  flbara  will  ba  vary  sophisticated, tha  laaar 
heated  flbar  growth  aathod  In  lta  alaplaat  configuration  can  ba  vary  uaaful  for  prepar¬ 
ing  alngla  cryatala  of  a  wide  variety  of  aatarlal  for  property  evaluation.  Single  crya¬ 
tala  can  uauelly  ba  produced  auch  aora  quickly  than  with  aora  conventional  cryatal 
growth  aathoda  and  at  auch  lower  coat  dua  to  tha  alnlaal  quantity  of  aatarlal  required, 
Cruclblaa  and  furnacca  are  not  required .which  reducaa  oontaalnatlon.  Tha  starting  neta- 
rlele  can  ba  eaelly  obtained  froa  either  polyeryetalllno  enaplee  or  alngla  cryatala. 
For  aoaa  aatarlale,  howavar,  auch  aa  'low-aeltlng  or  volatile  coapounda,  thla  aathod  aay 
not  ba  aatlaf actory .  In  thaaa  caeca  other  aathoda,  auch  aa  caplllary-f ad  growth,  can  ba 
uaad  aora  auccaaaf ully. 

Thla  presentation  will  aarva  aa  an  Introduction  to  tha  cubjact  of  alngla  cryatal 
flbar  growth. 


BXmXNIgTAL  PkOCKDOII 


A  achaaatlc  of  tha  firat  laeer-heated  padaatal  growth  ayataa  (LHPG )  uaad  at 
Stanford  la  ahown  In  Plgura  4,  It  Incorporataa  two  load  screw  drlvaa  for  Independent 
flbar  and  aourca  rod  aoveaent,  an  ataoaphara  control  chaabar  and  x-y  poaltlonara  for 
flbar-aouroa  rod  alignment,  loth  tha  fiber  and  aourca  rod  can  ba  rotated  and  growth 
rataa  In  tha  0.01  to  100  nn/nln.  can  ba  achieved.  Ueually  growth  rataa  vary  from  1-3 
■■/■In.  for  pure  Malta  to  0.1  to  0.3  ■■/■In,  for  growth  froa  solution.  Tha  flbar  disas¬ 
ters  are  usually  1/2  to  1/3  that  of  tha  source  rod.  Larger  reduction  ratios  give  rlaa 
to  growth  Instabilities, 

Tha  original  flbar  growth  ayataa  uaad  a  SOW  COj  laaar  and  a  two  bean  arrangaaent 
ainllar  to  Burrus  and  Stona  (7).  Power  la  controlled  by  a  three  function  proportional 
controller.  The  large  tanparatura  gradients  Inherent  with  tha  two  bean  heating  ayataa 
gava  rise  to  a  nuabar  of  probleaa  Including  poor  diamter  control,  difficulties  in 
forning  unlfora  aolten  aonaa,  and  axcasalve  volatlsatlon  of  tha  salt  at  tha  hot  spots 
forced  where  tha  laser  bean  hit  tha  aaapla.  To  reduce  those  problem,  Pejer  at  al.  (12) 
davalopad  a  new  type  of  laser  optic  ayataa  aa  shown  In  Plgura  3  which  gives  a  radliily 
unlfora  annular  hot  aona.  Thaaa  optica  wara  recently  Incorporated  into  tha  fiber  growth 
ayataa. 
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SPLITTtH  4HLITT1A 


Flbtf 


VIQOKI  4 i  Schematic  diagram  of  th«  (lrat 
Stanford  LHFO  growth  apparatua,  Including 
•  planned  automatic  dlanatar  control  system. 


FIODkl  Si  Schematic  diagram  of 
tha  now  360*  axially  symmetric 
fooualng  optica  which  raplaoa 
tha  two-beam  ayatam  (12). 


Tha  powar  required  to  malt  a  given  material  dapanda  on  lta  malting  point,  amlaalv- 
lty  or  optical  absorption  coefficient  at  10.6  pm.  and  alao  tha  diameter  of  tha  crystal 
to  be  grown.  The  30  watt  COg  laser  la  capable  of  malting  moat  oxldaa  and  fluorides, 
which  absorb  10.6  pm  radiation  efficiently  at  aourca  rod  diameters  lees  than  2  mm.  Ae 
tha  diameter  decreases,  lass  and  less  power  la  raqulrad  to  maintain  a  stable  molten 
acne.  Aa  shown  In  Figure  6,  high  malting  materials  auoh  as  AlgOg.  YjAljOu,  and  LlHbOg 
can  ba  melted  at  a  powar  level  of  only  one  watt  or  lass  when  their  diameter  Is  lees  than 
100  pm.  For  smaller  disaster* ,  too  much  power  la  available  from  the  SOW  laser,  and  It 
becomes  difficult  to  control  tha  laaar  power  output  and,  therefore,  tha  temperature  ac¬ 
curately  enough.  To  eliminate  this  problem,  a  power  attenuator  waa  Incorporated  Into 
tha  bean  line  so  that  the  laser  can  operate  at  a  stable  mid-range  power  level  while  at 
tha  sane  time  allowing  a  low  outpur.  power  level  to  heat  tha  sample. 


FIODU  Ai  Laaar  power  as  a  function 
of  source  rod  diameter. 
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tot  highly  reflecting  netele  end  semiconductor*  which  exhibit  both  free  cerrler 

abeorptlon  it  10.6  pa  and  high  tharael  conductivity  loss**,  the  50  watt  liter  it  not 

powerful  enough  to  fora  etable  aalte  in  then  material!  unleee  the  diaaater  of  the 

aource  rod  la  very  eaell  and/or  the  aaaple  haa  a  low  aalting  point.  Although  fibere  of 
eoae  of  thaaa  materials  have  been  grown,  a  higher  power  laeer  would  reduce  many  of  the 
problana  encountered. 

The  cryatal  growth  proceaa  la  monitored  with  both  a  binocular  alcroaeope  at  magni- 
ficationa  up  to  70X  and  with  the  uae  of  a  video  aonltorlng  and  recording  eyatea.  Theae 
techniques  allow  a  atudy  of  aacvoacoplc  defect  formation  during  growth  and  none 
atablllty. 

The  aource  material  uted  for  fiber  growth  can  be  In  the  fora  of  alngle  cryatal  or 
polyoryatalllna  rode  cut  from  axletlng  aamplea.  If  eueh  aateriale  are  not  available, 
then  the  compound  ean  be  prepared  into  a  danae  polycryetalline  eolld  by  either  cold 
praaalng  followed  by  high  temperature  sintering,  or  by  hot  preaalng,  poroalty  In  the 

atartlng  material  can  lead  to  the  formation  of  bubblae  In  the  melt  during  growth  and 
poor  cryatal  quality.  Source  rode  eloae  to  theoretical  denelty  ere  therefore  highly 
daalrable,  A  conaldarable  effort  may  be  required,  however,  to  produoa  high  denelty 
aaaplea  of  certain  materlala.  If  poroalty  la  a  problem,  then  two  alaple  methode  can  be 
uaad  to  minlalie  It,  The  firat  la  to  ragrow  the  Initial  fiber,  which  although  of  poor 
quality  la  near  maximum  denalty.  The  fiber  grown  from  thla  la  ueually  of  e  much  higher 
quality.  The  aecond  technlqua  Involvae  denoifylng  a  fabricated  aource  rod  by  paaalng  It 
through  the  laaar  beam  dote  to  or  Juat  at  Ita  melting  point. 

Seeding  the  growth  can  be  accompliuhed  anally  by  ualng  either  alngle  cryatal  or 
polyoryatalllna  rode  tapered  to  a  aherp  point,  Since  alngle  cryatal*  form  ao  anally  in 
thaaa  amell  diameter  aamplea,  even  a  dlaelallar  material  ouch  at  a  refractory  metal  wire 
oan  be  uaed  to  Initiate  growth.  plbara  ean  alao  b*  grown  along  apaciflc  crystallo- 
graphic  direction*  when  oriented  aeeda  are  uaad, 

vim  uiiii 

The  laser-heated  pedestal-growth  method  la  ideally  aulted  for  the  growth  of  aolld- 
atata  laaar  cryatal*,  moat  of  which  are  high  malting  oxldea.  In  addition  to  It*  uae  for 
preparing  miniature  laaar  device*,  euch  aa  detcrlbad  originally  by  Surru*  and  Stone  (7), 
It  wea  found  to  be  a  powerful,  relatively  Inaxpanaive  technique  which  can  ba  uaad  for 
th*  rapid  Identification  of  promlalng  new  laaar  material*, 

The  major  portion  of  fiber  reaearch  at  Stanford  1*  foeuaed  on  developing  new  laaer 
materiel*  and  fiber  laaer  davleea.  loth  noval  a*  well  a*  conventional  materlala  are 
balng  etudled.  To  data  efficient  CW  guided  fiber  laaar*  mada  from  NdtYAO  have  bean 
developed  (13)  that  operate  at  either  1.06*  or  1,32  u*.  Laaer  action  wa*  alao  damon- 
atrated  ualng  a  alngle  laaar  diode  aa  a  pump  aource  (\"817  nm) ,  In  a  250  pm  diameter,  A 
mm  long  HdiYAQ  fiber  (13).  Theae  devlcea  had  alope  efflclenelaa  a*  high  a*  10X  and  out¬ 
put  power*  of  up  to  1/A  mW.  Itudlaa  of  th*  performance  of  varlou*  Hdi  YAQ  fiber  laaer* 
lad  to  th*  conclualon  that  two  main  optical  loa*  mechanism*  are  prasenti  1)  In  flbar* 
with  >200  pa  diameter*,  algnal  loaa  1*  moatly  due  to  acatterlng  by  residual  bulk 
defect!)  end  2)  in  small  diameter  flbara,  optical  loaaa*  aria*  fro*  eurfaca  Irregulari¬ 
ties  moatly  because  of  flbar  diameter  variations  which  acatter  eh*  algnal  Into  unwanted 
higher  order  modes  and  radiation  mods*. 

Continuing  studies  ere  aimed  at  reducing  optical  loss**  through  Improvement*  in 
fiber  proceaalng  technology  (Improving  diameter  uniformity),  cladding  and  in  enhancing 
laser  p-opartlea.  To  data,  fiber  diameter  variation*  have  bean  reduced  from  5X  to  IX 
ualng  Improved  flbar  growth  equipment  (12).  Thla  hat  bean  accomplished  with  manual 
dlamatar  control  and  significant  improvements  are  expected  when  automatic  diameter  con¬ 
trol  come*  on  line. 

To  reduce  aurfac*  acatterlng  loss**  In  MdiYAO  fiber  laser*  and  provide  them  with  a 
protective  Jackat,  a  method  of  uladding  ;h*a*  fiber*  with  a  suitable  material  has  been 
under  Investigation  (13).  Because  of  their  stability,  hardness,  and  low  aalting  temper¬ 
ature*,  high  refractive  Index  glaaaa*  have  been  studied.  While  glaasu*  with  allghtly 
lower  index  than  Hd i YAQ  have  been  found,  and  technique*  developed  to  coat  them  uni¬ 
formly,  th*  thermal  expansion  mismatch  between  th*  fiber  and  cladding,  which  although 
small  (~  13X)  Induce*  stresses  and  cracking  of  tha  fiber  on  ooollng  during  tha  cladding 
procaaa.  These  problems  ean  be  minimised  by  ualng  thinner  ooatlngs,  and/or  glasses  with 
thermal  expanalon  coefficient*  similar  to  that  of  tha  crystalline  fiber. 

On*  of  th*  Important  probltma  encountered  with  large  KdtYAO  boulas  grown  by  tha 
Caoohraleki  method  la  related  ,  to  facet  formation  at  the  growth  interface  leading  to  a 
cored  region  In  th*  t  yatal.  Th*  facet  region  develops  because  of  th*  different  growth 
kinetic*  associated  with  th*  shape  of  th*  aolld-llquld  growth  Interface  which  1* 
Influenced  by  thermal  gradient*  and  growth  anisotropy,  a  property  of  the  material  being 
grown.  Tha  faes.t*  represent  alow-growing  direction*  and  often  th*  incorporation  of 
lapurltlea  and  dopant*  will  be  different  on  th*  facet  face  than  tha  edges,  which  will 
lead  to  aherp  compositional  lnhomogeneltlea,  stress  and  variation*  in  birefringence. 
Since  many  device  quality  cryatal*  can  be  cut  from  each  boule,  this  problem  can  be  cir¬ 
cumvented  by  cutting  around  th*  cored  region.  With  fiber  crystals,  uo waver,  th*  entlra 
cryatal  la  used  as  th*  laaer  and  ao  if  a  cor*  is  preaent,  laser  performance  would  cer¬ 
tainly  suffer. 
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A  etudy  of  interface  facetting  and  compo* itlonal  In  homogeneities  In  NdlYAG  «>i 
undertaken  by  O'Meara  at  al.  (14).  Using  optical  microscopy  with  polarized  light  and 
electron  microprob*  tanhnlquaa,  facet  foraation  and  impurity  aagragation  waa  atudied. 
A  number  of  lntaraatlng  observation*  have  bean  made  to  data.  In  Figure  7,  the  radial 
variation  In  Nd  coneantratlon  of  two  flbera  grown  under  different  eondltlona  but  of 
approximately  the  aaaa  dlaaatar  1*  plotted.  One  of  tha  flbera  hat  a  large  concentration 
of  Nd  in  tha  core  region  while  the  other  la  algnlf icently  more  uniform.  Note  that  the 
ehapa  of  tha  curve*  may  reveal  tha  pretence  of  faceto  at  tha  Interface.  The  difference 
in  Nd  profile  between  thaae  two  fiber*  1*  believed  to  be  related  to  the  different  pro¬ 
tecting  eondltlona  uaed.  In  general  it  appear*  thati  1)  the  Nd  concentration  1*  nearly 
uniform  aeroaa  the  fiber  croea  eactlon  whan  the  growth  rata  it  email  (around  0.25  mm/rnln 
or  let*).  When  tha  growth  ret*  lncreaeea.  eo  doe*  tha  Nd  concentration  at  tha  canter  of 
the  fiber  a*  seen  in  Figure  7  until  a  center  concentration  1.5  time*  the  edge  la  reached 
at  growth  rate*  of  2  nm/rnin.  Alto,  it  haa  been  obearved  that  the  average  Nd  concentra¬ 
tion  alto  inertaeae  with  growth  rata.  Orowth  etrlatlon*  (email  compoeltlonal  variation* 
occurring  in  band*  along  the  growth  asi*  of  the  cryetal  which  are  due  to  growth  rat* 
fluctuation*)  war*  aleo  found.  At  alow  growth  rate*,  facet*  team  to  form  only  in  larger 
diameter  fiber*  and  email  fiber*  ahow  no  elgnifleant  birefringence  pattern*. 


FlOUtl  It  Kadlal  variation  of  Nd  eon1 
cantratlon  in  two  NdlYAG  flbera  grown 
under  different  condition*  (1A). 


Other  fiber  laaert  which  have  been  grown  and  are  currently  undergoing  analytic 
include  NdtCaSoeOg  (15).  NdiYAlOj  (16),  Nd iLINbO} ,  (15,17),  NdBlOj  (17),  MngBiO*  (15) 
and  Tis+i  AlgOg  (15,17). 

NONLINIAK  OVTIOAL  KATEKIALN 


On*  of  the  moat  Important  nonlinear  optical  material*  for  eecond  harmonic  genera¬ 
tion,  optical  parametric  oeelllatlon,  ate.,  it  LINbOj,  a  ferroelectric  material  with  a 
Curl*  temperature  near  lta  melting  point  of  ~1260*0.  It  wae  choaan  for  atudy  btcauet  of 
it*  potential  uee  in  fiber  device*. 

To  be  ueeful  LlNbOj  tingle  cryetal*  muet  have  a  elngle  domain  etructur*. 
Caochralakl  grown  cryatal*  have  to  ba  poled  after  growth  to  achieve  thl*  reeult  bacauae 
they  exhibit  a  multidomain  etructur*  whoa*  morphology  depapde  upon  growth  direction.  In 
the  growth  of  LlNb03  flbere  it  waa  found  (18)  that  o-axl*  fiber*  laee  than  700  |in  diame¬ 
ter  were  aeeentially  alngle  domain  a*  grown  and  do  not  require  poling  (Figure  8).  In 
addition,  the  built-in  dipole  moment  in  theee  c-axia  fiber*  alwaye  point*  toward  the 
melt.  if  a  elngle  domain  aeed  cryetal  of  reverted  dipole  orientation  1*  ueed,  tha  di¬ 
polar  orientation  reverae*  at  the  growth  junction  (Figure  9).  The  three  120'growth 
ridge*  aleo  rotate  by  60*  due  to  a  cryatallographlc  facetting  effect. 


. . — 

FIQUKI  >i  Follehed  and  etched  eampla*  of  1 

o-axit  LlNbOj t  (a)  unpoled  Caochralakl 

boul*  with  cylindrical  domain*,  (b)  ae-  FI001I  Pi  Schematic  ehowlng  c- 

grown  700  pm  tingle  domain  fiber  with  exit  domain  reversal  (18). 

only  thin  anti-parallel  surface  domain* 

(18). 
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Small  dlamatar  LlNbOj  flbara  grown  along  tha  a-axla  did  not  have  a  tlngla  domain 
atructura  but  lnataad  had  an  unuiual  bipolar  nosa-to-noee  domain  pattern  with  tha  antl- 
parallal  domain  boundary  In  tha  c  plana  and  parallal  to  tha  growth  axle  (Figure  10). 


riOOU  10i  Noee-to  noaa  domain 
pattarn  of  unpolad  a-axla  grown 
flbara.  pollahad  and  atehad  on 
"k"  faoa  (18). 


A  aeudy  of  tha  varloua  phenomena  which  eould  account  for  tha  obaarvad  domain  etruc- 
turaa  in  a-  and  e-axia  LINbOj  flbara  lad  to  tha  hypotheele  (19)  that  a  aalf-lnduoad 
poling  voltaga  la  praaant  dua  to  flbar  growth  and  that  It  la  cauaad  by  tha  tharmoalec- 
trlc  affaet  whara  an  alaotrie  potantial  (tha  poling  potantlal)  la  ganaratad  by  tha  tem- 
paratura  gradlanta  praaant  during  growth.  Tha  largo,  axial  tanparatura  gradient  la 
raaponaibla  for  tha  alngla  domain  In  e-axla  flbara  and  lta  dipole  orientation  and  tha 
radial,  tanparatura  gradient  la  raaponaibla  for  tha  bipolar  domain  atruoture  in  a-axla 
LlNbOj  flbara.  Tha  requirement  for  alngla  domain  a-axia  flbara  haa  lad  to  atteapto  to 
altar  tha  radial  tanparatura  gradlanta  by  an  aaymmatrlc  dlaplaeaaant  of  tha  fiber  in  tha 
laaar  baaa.  Thin,  however,  waa  only  partially  aueeaaaful  with  tha  domain  boundary  mov¬ 
ing  along  tha  c-axla  but  not  completely  through  tha  eryetal.  Other  mathoda  auoh  aa  tha 
uaa  of  external  poling  flalda  and  Impurity  dlffuelon  era  being  atudlad. 


IMFRARRD  TRAHBMXTTXMO  HI1U 

A  nuuber  of  Important  applloatlona  axlat  for  infrared  tranamlttlng  flbara  including 
tranemlaalon  linaa.  apac t roicoplc  analyela,  thermometry  and  laaar  delivery  eyetane. 
While  tha  mixed  fluoride  and  chalcogenlda  glaaaaa  under  atudy  are  attractive  candidates 
for  long  dlatance  trananlaalon  linaa,  oartaln  eryetalllna  metarule,  Including  a  number 
of  halldee  and  certain  oxldaa  Ilka  eapphlra,  nay  hava  mora  aultabla  propart  lea  for  ap¬ 
plloatlona  requiring  ahortar  langtha  and  longer  wavalangtha. 

Tha  allvar  halldee,  AgBr  and  AgOl  and  KM -3  (thallium  bronolodlda)  are  conaldarad 
prime  eryetalllna  flbar  oandldataa  for  IK  tranemlaalon  ippllcetlone,  Polycryatalilne 
flbara  of  thaaa  metarule  hava  bean  made  by  extruding  bulk  alngla  cryatala  through  a 
dll.  drain  boundary  aoattarlng  In  polyoryatalllna  flbara,  howavar,  leads  to  laaa  than 
optimum  optical  tranaparancy . 

SltiVRI  IR0M1DI  AMD  THALLIUM  IR0H0X0DXDI 

Tha  capillary-fad  growth  mathoda  of  Mlinura  (10)  and  Srldgaa  at  al.  (11)  ware  uaed 
for  tha  growth  of  alngla  cryatal  flbara  of  KkS-3  and  AgBr  raapactlvaly ,  Tha  allvar  hal¬ 
ide  alngla  cryatal  flbara,  while  having  good  optical  propertlee,  apparently  auffar  from 
poor  noohanleal  propartlaa.  Work  on  Xll-3  alngla  cryatal  flbara  haa  not  baan  axtanalva 
enough  to  draw  definitive  eonelualona,  but  thallium  containing  eompounde  are  United  to 
applloatlona  other  than  medical  dua  to  their  toxicity. 

Since  AgSr  and  KR8-3  hava  relatively  low  malting  polnta  (Aglr,  432'C  and  KRS-S, 
113*0),  tha  laaar  heated  padaatal  growth  method  would  not  be  aa  aultabla  for  thaaa  meta¬ 
rule  aa  tha  capillary  fad  growth  mathoda  of  Mlmura  at  al,  and  Srldgaa  at  al. 

A  email  atudy  waa  undartakan  by  Route  at  al.  (20)  to  aaa  whether  tha  capillary-fad 
method  of  Irldgee  at  al.  (11)  eould  be  uaad  to  grow  KRS-S.  It  waa  fir at  eat  up  and  euc- 
eeeefully  uaad  to  grow  AgSr  flbara  and  than  adaptad  for  tha  growth  of  KRS-3.  Tha  malt 
raaarvolr  and  capillary  ware  made  from  fuaad  elllca  and  a  allvar  cold  finger  waa  mounted 
above  tha  capillary  tip.  Tha  eompoaltlon  of  KRS-3  la  near  tha  minimum  malting  competi¬ 
tion  In  tha  TISr  -  Til  ayatan  with  a  eompoaltlon  of  approximately  38  m/o  Til  - 
42  m/o  TISr.  Orowth  waa  Initiated  by  dipping  a  platinum  wire  into  tha  malt  and  from 
that  point  tha  flbar  grew  readily.  Orowth  rataa  varied  from  1.3  -  8. A  mm/nln.  in  eoma 
oaaaa.  It  waa  aaaiar  to  grow  XR8-3  than  AgBr.  Burfacaa  wara  quite  enooth  but  longer 
range  dlamatar  varlationa  dua  to  a  poor  mechanical  flbar  guiding  ayatam  waa  a  problem. 
Single  cryatal  KRS-3  flbara  0.4  -  0.8  mm  dlamatar  and  22  mm  in  length  wara  grown  without 
aarloua  difficulties  (Figure  11)  •  A  eondanaata  appeared  on  tha  cold  fingar  which  waa 
analyaad  to  ba  pure  TISr.  The  flbara  tharatora  may  ba  Tll-rlch,  although  a  shift  in 
lattice  conatanta  could  not  ba  detected. 

Tha  optical  quality  of  the  flbara  appeared  quite  good,  except  for  tha  presence  of  a 
few  dark  Inclusions  at  altae  whara  tha  flbar  diameter  changed  abruptly  (Figure  12).  Tha 
natural  growth  oriantatlon  for  an  unsaaded  KRS-3  fiber  was  found  to  ba  <110>,  tha 
densest  packed  plana  In  tha  CaCl  atruoture.  Seeded  growth  waa  not  attempted. 
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riant!  lit  Photograph  of  optical 
quality  tll-J  flbar  grown  by  tha 
praaiurliad  eaplllay  growth  nathod 
(21). 


BARIUM  AND  CALCIUM  FLUORXDK 


noun  lit  Photograph  of  KR8-3 
flbar  ahowlng  aoaa  typical  eoat- 
tarlng  dafaeta  found  In  aoaa  ra¬ 
tion*  of  tha  flbar  which  appear  to 
ba  void*  and/or  praclpltata*  (21). 


Barlua  and  aalolua  fluorlda  ar*  both  high  waiting  eoapounda  (HP"  1280*0  and  1360*0 
raapactlvaly)  and  large  cryital*  ar*  grown  ooaaarolally  under  a  vacuua  and/or  raactlv* 
ataoaphara  to  raduea  Oj  and  (OH)"  oontaalnatlon.  loth  eoapounda  can  aaally  ba  waited 
with  tha  30  watt  CO2  laaar  and  war*  logical  candidate*  for  flbar  growth  by  tha  LHPO 
aathod  (21). 


Optical  quality  alngl*  eryatal*  war*  uaad  a*  aoure*  rod*  and  the  growth  of  flbar 
cryatal*  by  tha  LHPO  praaantad  few  probleua,  tha  aoat  algnlflcant  of  which,  however,  wa* 
tha  foraatlon  of  praclpltata*  at  a  taaparatur*  aavaral  hundred  degree*  below  the  waiting 
point.  During  growth,  tha  cryatala  were  clear  and  fraa  of  aacroacoplo  acattarlng  can¬ 
ter*  but  aa  tha  eryatal  cooled,  praclpltata*  began  to  fora  3-10  a*  above  tha  growth  In¬ 
terface  aa  llluatratad  In  Figure  13.  Tha  praclpltata*  ar*  believed  to  b*  an  oxld*  or 
oxyfluorlda  of  la  or  Ca  raapactlvaly  even  though  the  fiber*  war*  grown  in  a  purified 
argon  ataoaphara,  The  acattarlng  loaaa*  war*  aor*  aarlou*  In  Bar*  than  In  Car*  a*  aean 
In  Plgur*  1A, 
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PI0DRI  13 1  Scheaatlc  dlagraa  11- 
luatratlng  tha  occurrence  of  pre¬ 
cipitation  In  Bar*  and  CaP2  cryatal 
growth. 


flODU  H 1  Photograph*  of  a)  BaF* 
fiber*  In  reflected  light  ahowlng 
total  opacity,  and  b)  two  CaPj  fi¬ 
ber  a  in  tranaalttad  light  revealing 
auch  lower  danalty  of  acattarlng 
daf act*. 
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It  1*  euapactad  that  tha  molten  tom  acta  aa  a  gattarar  for  raacttva  apaclaa  pranent  In 
tha  gaa  phaaa  avan  whan  they  ara  In  low  concanttatlona.  A  vacuum  growth  chaabar  or  ona 
In  which  a  raactlva  gaa  auch  aa  HF  can  ba  uaad  ahould  raduca  or  allalnata  thla  problaa, 
Futura  plana  call  1 or  auch  modification*. 

SAPPHIRE 

Iha  high  waiting  point  and  excellent  optical  propartlaa  of  aapphlre  aaka  It  uaaful 
In  fiber  fora  for  hlgh-tanpcratura  tharaoaatry  application!  (22),  and  In  fact  a  coaner- 
elal  fiber  tharaoaatar  ha*  raeantly  reached  tha  aarkat,  Tha  flbar  tharaoaatar  la  baaad 
on  radiation  aalttad  by  a  blackbody  tip  In  tha  fiber  and  ona  or  two  color  pyroaatry  can 
ba  uaad  to  analyia  tha  radiation  guldad  down  tha  fiber.  Although  aapphlre  flbara  ware 
grown  aa  far  back  aa  1967  (A)  and  ara  vary  aaay  to  grow  In  flbar  for*,  two  problana  have 
United  their  utlllaatlon  In  theaa  typa  davleaat  1)  internal  and  aurfaca  acattarlng 
loaaaa  have  bean  difficult  to  raduca  to  optlnun  level*!  and  2)  a  atabla ,non-reaetive 
blackbody  tip  haa  boon  difficult  to  find, 

Byar  ot  al,  (23)  have  grown  high  optical  quality  aapphlre  flbara  and  have  atudlad 
varloua  natal  alloy  blackbody  natarlaia.  In  racant  atudlaa  thay  have  obaarvad  a  temper¬ 
ature  raaolutlon  of  19  nK  In  a  0,3  aaoond  bandwidth. 


flONOMMXOIS 

Tha  field  of  alngle  cryatal  flbara  rapraaanta  an  emerging  technology  whoaa  futura 
appaara  proaialng,  soma  poaaibla  application*  for  alngle  cryatal  flbara,  tha  typaa  of 
natarlaia  which  can  ba  produced  In  fiber  forn,  and  tha  currant  ptogreee  In  flbar  growth 
ara  dlacuaaed. 
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RBSUME 

La  rlalisation  de  guides  d'onde  optique  eat  plus  favorable  6  partir  de  materiaux 
existent  a  l'dtat  vitreux  qu'A  partir  de  materiaux  polycristallins  ou  monocristallins .  Lea 
verres  qui  actuellement  correspondent  au  meilleur  compromis  entre  la  largeur  de  la  bande 
de  transmission,  les  potent ialitls  d'ultra  transparence,  les  faibles  pertes  par  diffusion 
et  la  mise  au  point  des  conditions  techniques  de  fibrage  sent  les  verres  fluorls.  Les  ver- 
res  a  base  de  tttrafluorure  do  sirconiua  permettent  une  transmission  par  fibres  jusqu'A 

4  pm,  ceux  a  base  de  mdtaux  plus  lourds,  thorium,  indium,  terrea  rares,  etc...,  jusqu'a 

5  pm.  Les  applications  potentielles  en  telecommunications  longue  distance  sans  rep<teur 
dues  aux  tres  faibles  pertes  thdoriques,  10“  dB/km,  sont  discutdes  ainsi  que  les  applica¬ 
tions  courtes  distances  dans  les  technologies  capteurs  et  transport  d'Bnergie. 

INTRODUCTION 

La  realisation  de  guides  d'onde  optique  est  grandement  facility#  quand  le  mat6- 
riau  support  do  la  transmission  est  vitreux.  La  mise  en  forme  de  verres  a  l'Otat  de  guides 
plan  ou  de  fibres  s'effectue  g<n<ralement  dans  son  domains  de  plasticity  maximum,  c'est-A- 
dire  a  partir  soit  du  bain  liquids,  soit  de  prf formes  solides  en  les  fibrant  aprfcs  la  tem¬ 
perature  de  transition  vitreuse  T„ ,  c'est-S-dire  dans  un  domains  otl  la  viscosity  du  solide 
est  faible.  Cette  technologie  intfoduit  peu  de  contraintes  et  de  ddfauts  dans  le  matlriau 
fibre  et  le  guide  obtenu  conserve  le  plus  souvent  ses  bonnes  proprittis  de  transmission. 

Ceci  n'est  pas  le.cas  des  materiaux  cristallis4s  qui  doivent  Itre  mis  sous  forme 
de  guides  d'onde  par  des  techniques  plus  brutales,  extrusion  ou  filage  par  example,  qui 
entralnent  le  plus  souvent  de  fortes  contraintes  dans  le  materiau,  sources  de  dislocations, 
d'heterogeneites,  de  joints  de  grains  qui'  entralnent  de  fortes  pertes  par  diffusion. 

L'avantage  du  verre  est  cependant  contrari#  par  le  fait  que  trfcs  peu  de  materiaux 
existent  A  l'etat  vitreux  et  a  fortiori  des  materiaux  ayant  une  large  bande  de  transparence. 
La  chimie  des  verres  est  largement  dominde,  depuis  des  siAcles,  par  la  silica  Si02  et  les 
guides  d'onde  A  base  de  Ui02  ont  atteint  un  developpement  unique  ces  derniAres  annSes, 
permettant  d'utteindre  les  Iimites  ultimas  do  transparence  voisines  de  0,15  dB/km  A  1,3  pm. 
La  largeur  du  domaine  de  transparence  est  cependant  contraries  par  la  forte  absorption 
multipnonon  de  la  liaison  Si-0  qui  diminue  fortement  la  transparence  aprls  1,8  ym.  II  ap¬ 
parent  done  comma  ndeessaire  pour  augmenter  le  domaine  spectral  guide,  de  passer  des  ver¬ 
res  d'oxydes  uux  verres  d'halogBnures  doni  l'absorption  multiphonon  est  nettement  deplacde 
vers  les  grandes  longueurs  d'ondu. 

Dans  la  famille  des  halogenures  MxXy  (M  -  mdtal  ;  X  ■  fluor  F,  chlore  Cl,  brome 
Br,  iode  I),  seule  la  claase  des  verras  de  fiuorures  MxFy  prdsente  les  conditions  de  sta¬ 
bility,  de  resistance  A  la  corrosion,  suffisantes  pour  Itre  prlpards  A  l'dtat  de  fibres. 

Hormia  les  verres  fluords  A  base  de  BeF?,  connus  depuis  plusieurs  diiaines  d'an- 
ndes,  la  ddeouverte  de  nouvelles  families  de  verres  fluords,  stabies,  A  1 'University  de 
Rennes  est  rdeente  (1),  et  a  dtd  suivie  d'un  dlveloppement  technologique  intense  ces  der- 
nilres  anndes. 

LA  TRANSPARENCE  D'UN  MATERIAU 

Comma  indiqud  sur  la  Figure  1,  les  origines  des  pertes  optiques  dans  un  materiau 
sont  de  deux  types  ;  intrinsdques  et  extrinsdques. 
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Lea  mdcanismes  intrinsftques  d' absorption  correapondant  a  un  matdriau  iddalement 
pur,  sont  : 

a)  la  diffusion  Rayleigh,  qui  varie  en  gSnftral  en  X"1* ,  et  qui  dirainue  done  trfts  rapidement 
avec  la  longueur  d'onde  j 

b)  dans  la  rfigion  U.V.,  l'excitation  des  Slectrons  de  liaison  par  les  photons  trfts  Sner- 
gfttiques,  plusieurs  ftlectrons-volts ,  est  Sgalement  une  source  d'absorption,  mais  qui  de¬ 
viant  ndgllgeable  aux  grandes  longueurs  d'onde  ; 

c)  le  facteur  determinant  est  alors  1' absorption  multiphonon  due  aux  vibrations  des  atomes 
lids  les  uns  aux  autres  dans  le  solide,  et  qui  augmente  en  fonction  de  la  longueur  d'onde. 

On  admet  done  qu'entre  ces  deux  frontiftres  U.V.  et  I.R.,  il  existe  une  zone  thftorique 
d'ultra  transparence. 

A  ces  raisons  intrinsftques  de  pertes  optiques,  11  faut  malheur'eusement  aj outer 
les  facteurs  oxtrinsftques  qui  sont  lifts  ft  la  puretft  et  &  la  qualitft  du  matftriau.  Des  per¬ 
tes  par  diffusion  peuvent  en  effet  provenir  de  la  presence  de  particules,  de  cristallites, 
de  joints  de  grains,  de  dislocations,  d'hfttftrogfinftitls  de  toutes  sortes,  qui  sont  gftnftrftes 
au  cours  de  la  fabrication  du  matftriau,  ou  de  l'ftlaboration  du  guide  d'onae.  Ce  facteur 
est  trfts  critique  quand  le  verre  8  fibrer  est  sensible  ft  la  devitrification,  e'est-ft-dire 
ft  1' apparition  de  nuclei  et  de  microcristallites  au  cours  du  fibrage. 

Les  autres  raisons  de  pertes  de  lumiftre  dans  le  visible  et  le  moyen  infra-rouge 

sont  : 

1]  la  prdsence  d'ions  paramagnfttiques  contenant  des  electrons  cSlibataires  qui,  par  exci¬ 
tation  eisctronique,  peuvent  absorber  des  photons  visibles  ou  I.R.  Les  ions  des  mfttaux  de 
transition  d,  comme  Fe,  +  ,  Cu,+,  Co **,  Ni*  +  ,  etc...  ou  de  terras  rares  £  comma  Nd,+  ,  Pr‘  , 
Ce*  ,  Bu1+,  etc...  sont,  ft  cat  ftgard,  des  poisons  violents  pour  la  transmission  optique 
sur  de  grandes  epaisseurs  ; 

2}  1' existence  d' anions  complexes  comme  OH",  SOI",  Po,.'",  etc...,  qui  sont,  par  des  mftca- 
nismes  purement  vlbrationnels,  autant  de  piftges  ft  photons  I.R.,  constitue  un  facteur  de 
parts  important  le  long  du  trajet  de  la  lumiftre  guidfte. 

LB  CHOIX  DBS  MAT&RIAUX 

II  est  clair  qua  l'absorption  multiphonon  est  le  facteur  dftterminant  pour  obtenir 
un  matftriau  ayant  : 

13  un  domaine  de  transmission  le  plus  large  possiblo 

2)  une  courbe  d'ultra  transparence  la  plus  profonde  possible  permettant  de  diminuer  les 
pertes  Jusqu'ft  des  valeurs  de  l'ordre  de  0,001  db/km. 

La  Figure  2  montre  comment  varie  l'absorption  multiphonon  pour  diffftrentes  classes 
de  matftriaux  cristallins  ou  vitreux,  pour  lesquels  des  tentatives  de  prftparation  de  fibres 
optiquss  I.R.  ont  fttft  fsltes. 


lonouiur  d'ondi 


,_3  .1 

NOMSSI  D'ONDI  10  cm 


Figure  2.  Absorption  multiphonon  pour  diffftrents  types  de  matftriaux  vitreux  ou  cristallins 

Les  fibres  ft  base  de  SiOj  dominant  trfts  largement  cette  technologic  des  fibres 
optiquss  et  las  conditions  de  puretft  et  de  prftparation  idlales  ont  6tft  atteintes  puisque 
les  pertes  thftoriques  minimi  de  0,15  dB/km  ont  fttfi  mesurftes  il  y  a  quolques  annftes.  On  volt 
sur  cette  courbe  que  l'absorption  multiphonon  augmente  trfts  vite  ft  partir  de  1,6  urn,  et 
que,  pour  transmettre  de  la  lumiftre  au-deli  de  cette  longueur  d'onde,  les  verres  a  base 
d'oxydss  de  germanium  GeOz  sont  mieux  adaptfts.  Ces  verres  prftsentent  toutefois  deux  incon- 
vftniants  :  un*  tondance  I  la  cristallisation  plus  forte  et  la  prftsence  d'impuretfts  OH"  dont 
le  maximum  d'absorption  se  situe  vers  2,9  pm. 

Les  verres  de  chalcogftnures,  en  particulier  ceux  provenant  de  combinaisons  add- 
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quates  des  elements  suivants  :  S,  As,  Se,  Te,  etc...,  sont  aussi  do  trfes  tons  candidat:. 
pour  le  guidagc  I.R.  L'avantage  do  ces  verres  rfiside  dans  leur  grande  stabilitS  vis-8-vis 
de  la  devitrification  et  leur  resistance  a  la  corrosion  par  l'eau.  Par  centre,  leur  pollu¬ 
tion  par  des  impuretds  H,  0,  crfiant  des  vibrateurs  parasites  type  SH,  est  tr&s  difficile 

a  fiviter. 


Les  autres  matfiriaux  mentionnds,  tels  que  les  halogdnures  alcalins  type  KC1,  ha- 
logSnure9  d’ argent  tel  que  AgCl/AgBr  ou  les  halogfinuros  de  thallium  tel  que  KRSs  (cris- 
taux  mlxtes  de  TIBr,  Til,  ne  peuvent  pas  fitre  obtenus  8  l'Stat  vitreux.  Leur  wise  en  for¬ 
me  a  l'dtat  de  fibres  a  partiT  de  lingots  polycristallins  ou  monocristallins  fait  appel 
aux  techniques  d' extrusion  qui,  comma  indiqu6  prScddemment ,  introdui&ent  des  contraintes 
internes  qui  augmentent  considerablement  la  diffusion  et  limitent  la  longueur  des  guides 
d'onde. 


Les  verres  fluorSs  sont  actuellement  le  meilleur  compromis  entre  tous  ces  fac- 
teurs  ;  dtat  vitreux,  absorption  multiphonon  reculde,  bonne  resistance  &  la  corrosion  et 
a  la  devitrification,  transmission  dans  le  visible  et  dans  l'l.R. 

LES  VERRES  FLUORES 

Le  seul  fluorure  susceptible  d'ltre  obtenu  a  l'6tat  vitreux  est  le  fluorure  de 
beryllium  BeF2»  mais  ses  verres  ou  leurs  derives  sont  toxiques,  souvent  hyfcroscopiques 
avec  une  absorption  multiphonon  voisine  de  GeOz. 

Tous  les  autres  verres  fluords  sont  issus  de  comblnaisons  dans  lesquelles  l'un 
des  partenaires  ou  un  couple  de  partenaires  joue  le  r6le  de  vitrificateur  alors  que  l'au- 
tre  joue  celui  de  modifieur  de  reseau. 

Les  fluorures  dits  "vitrificateurs"  peuvent  8tre  classes  de  la  faqon  suivante  i 

1)  MFZ  oft  M  est  un  petit  cation  polarisant  crSant  une  forte  liaison  covalente  :  BeFz  on 
est  le  seul  reprdsentant  ; 

2)  MFj,  avec  M  *  Al.  Fe,  Cr,  In,  etc..,  lei  aussi,  le  cation  M,+  petit  et  r hargd,  pola¬ 
rise  fortement  les  ions  F”  i 

3)  MF4.  avec  M  ■  Zr,  Th,  U.  La  forte  association  dans  l'fitat  liquide  n6cessaire  pour  la 
formation  de  l'dtat  vitreux  est  ici  aussi  possible  avec  ces  cations  fortement  charges. 

L'  ion  Zr1**,  le  plus  petit,  correspond  au  cas  le  plus  favorable. 

Un  examen  critique  de  ces  diffdrentes  families  de  verre  pour  la  fabrication  do 
fibreu  optiques  amftno  aux  remarques  suivantes  : 

a)  Les  verres  de  BeF2  sont  difficiles  8  manipuler,  toxiques  et  leur  largeur  de  transmis¬ 
sion  est  peu  sup*rieure  6  celle  de  Si02,  2  pm,  correspondent  8  une  limite  pour  du  guidage 
sur  de  moyennes  ou  longues  distances. 

b)  Les  verres  8  baae  de  mfitaux  trivalents  MFj  ont  une  forte  tendance  8  la  cristalliaation 
et  8  la  corrosion  par  la  vapour  d'eau,  ce  qui  explique  qu'aucune  tentative  de  fibrage  de 
ces  verres  n'ait  abouti.  De  plus,  l'absorption  multiphonon  est  lBgbrement  inf6rieuro  8 
celle  des  verres  8  base  de  ZrF,}. 

c)  Les  verres  8  base  de  mdtaux  lourds  MPa  sont  actuellement  dominds  par  les  verres  de  fluo- 
rozlrconate  Zr?4  pour  lesquels  des  techniques  de  fibrage  ont  dtd  rdcemment  ddveloppdes 

(2,  3,  4),  Les  matdriaux  vitreux  6  base  do  ThF4  combine  8  MnFz  ou  ZnFz  (5)  prdsentent  un 
domaine  spectral  plus  large,  mais  etant  plus  instables,  ils  n'ont  pour  1‘ instant  pas  fait 
l'objet  d'dtudes  de  fibrage. 

1 .  Les  verres  fluords  8  base  de  ZrFj 

Cette  famine  de  verres  ddcouverto  il  y  a  une  dizaine  d'anndes  a  fait  l'objet 
d' dtudes  intensives  en  raison  de  ses  applications  dans  le  moyen  I.R.  Le  diagramme  de  la 
Figure  3  montre  que  des  matdriaux  vitreux  peuvent  Itre  obtenus  simplement  dans  le  binaire 
ZrF4-BoF2. 
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Ces  verres  sont  toutefols  instables  et  il  est  ndcessaire  d'utiliser  d'autres  adjuvants 
pour  diminuer  leur  vitesse  de  cristallisation.  L' addition  de  LaF3  par  exemple  augmente  le 
domaine  vltreux,  mais  les  verres  qui  ont  6t6  actuellement  optimises  pour  le  fibrage  sont 
des  verres  raulticomposants  dont  une  composition  est  par  exemple  :  56  ZrF*,  34  BaF?,  6  LaF3, 
ou  GdFj  et  4  AlFj.  Ces  verres  ont  un  indice  de  refraction  n  voisin  de  1,5  qui  peut  fttre 
modifie  per  adjonction  d'autres  fluorures  permettant  ainsi  1c  realisation  de  structure  a 
variation  d' indice  indispensable  pour  la  technologie  des  guides  d'onde. 

La  Figure  4  mor.tre  que  le  domaine  de  transparence  de  ces  verres  &  base  de  ZrF4 
s'dtend  pour  des  dpaisteurs  de  quelques  millimetres  de  0,2  &  7  pm.  La  Figure  5  represents 
la  contribution  de  l'absorption  multiphonon  en  fonction  de  la  longueur  dTonde. 
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Figure  4.  Domaine  de  transparence  de  verres  fluords  &  base  de  fluorure  de  zirconium  ZrFd 
ou  de  mdlange  de  fluorures  ThF4/MnF2  ou  ZnF2. 


LONOUBUR  O'ONOB  (micron*) 


Figure  5. 

Bvolution  du  coefficient  d'absorp- 
tion  a  et  des  pertes  optiques 
multiphonon  en  fonction  de  la 
longueur  d'onde  pour  des  verres 
base  ZrF4  et  des  verres  base  ThF4. 


On  vo At  que  les  pertes  par  absorption  exprimdes  en  dB/km  augmentent  trfts  rapidement  aprSs 
‘J.b**  ,  *  P*r  •x**Pj*»  1**  pertes  theoriques  sont  de  l'ordre  de  quelques  milliers  de 

db/km.  La  Figure  b  reprdsente  les  contributions  diffusion  Rayleigh  et  absorption  multipho- 
5?”  d«  810z  it  S  base  de  ZrF4.  II  est  clalr  que  les  verres  fluoVds 
presentent  une  courbe  a  ultrttreiuparence  beaucoup  plus  prof ana*,  atteignant  des  valeurs 
theoriques  voisines  de  0,001  dB/km  dans  la  rdgion  spectral©  2-4  vim. 
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Figure  6.  Evolution  de  la  transparence  de  verre  fluord  ot  de  verre  de  silice  en  fonction 

de  la  longueur  d'onde  dans  1'hypothBse  d'un  matlriau  idftal  (pertes  intrinsBques) . 

2.  les  verres  fluorjs  B  base  de  mdtaux  lourds.  thorium,  indium,  terres  rares 

Les  fluorures  ThF,*,  LnFj  (Ln  ■  terres  rares),  Infs  peuvent  dgalement  conduire  & 
des  mat6riaux  vitreux  en  abaissant  le  point  de  fusion  dei  melanges  de  fluorures  par  ZnFj 
ou  MnFj*  Plusieurs  types  d 1  association  de  fluorures  conduisent  a  des  verres  oue  l'on  peut 
obtenir  avoc  des  dpaisseurs  d'uue  dizaine  de  millimetres.  Par  example,  la  composition 
28  ThFa,  28  YFt,  28  ZnP2,  16  BaFj  est  une  des  compositions  qui  prdsente  la  vitesse  de  de¬ 
vitrification  la  plus  basse,  done  la  plus  facile  B  mettre  en  oeuvre  pour  la  realisation 
de  guides  d'onde. 

L'exatnen  de  la  Figure  4  indique  quo  l'absorption  multiphonon  est  ici,  du  fait  du 
polds  des  metaux,  reculde  de  1  pm  ft  peu  pr8s  par  rapport  aux  verres  9  base  de  ZrF*.  Leur 
domaine  de  transparence  s'8tend  de  0,2  B  8  ym  pour  des  6paisseurs  de  quelques  millimfltres. 

L' extrapolation  de  la  contribution  multiphonon  B  l'absorption  est  repr6sentee  Figure  S  ot 
indique  clairement  que  les  pertes  par  mdcanisme  multiphonon  diminue  tr*s  rapldement  vers 
les  courtes  longueurs  d'onde.  Par  example,  B  S  pm,  les  pertes  th6oriques  sont  de  quelques 
dizaines  de  dB/km,  soit  dix  fois  plus  faibles  qu'rvec  les  verres  base  ZrF,},  Le  minimum 
thdorique  de  pertes  peut  8tre  6valu6  comma  6tant  en-dessous  de  10  dB/km,  la  region  d'ul- 
tra  transparence  Stant  ldgiromont  ddplacde  vers  lea  granges  longueurs  d'onde. 

LES  FACTEURS  EXTRINSEQUES  D 'ABSORPTION 

Comme  indiqud  au  d6but  de  cet  article,  plusieurs  facteurs  116s  B  la  puretfi  des 
matdriaux  utilisds,  aux  contraintes  introduites  lore  des  proeddds  de  fabrication  des  gui¬ 
des,  modifient  trBs  fortement  1 'ultra  transparence  th6orique. 

Les  pertes  par  diffusion  Rayleigh  ont  longtemps  6t6  considBrBes  comme  les  plus 
dangereuses;-  compte  tenu  de  la  faible  stabiliil  de  l'etat  vitreux  de  ces  matdriaux  compa¬ 
rts  B  la  silice.  D.C.  Tran  (6)  et  coil,  ont  montrt  que  la  loi  de  diffusion  dtait  bien  du 
type  Rayleigh  et  varie  comme  X"‘.  L'extrapolation  de  mesures  effectutes  dans  le  visible 
et  le  proche  I.R.  conduit  bien  B  de  tr#s  faibles  pertes  par  diffusion  dans  la  region  d'ul- 
tra  transparence  (*  0,02  dB/km). 

Le  risque  de  diffusion  parasite  du  B  la  formation  de  microcristallites  au  cours  du 
fibrage  n'est  done  pas  aussi  critique  lors  de  la  fabrication  de  fibres  en  verre  fluor6. 

L'espBce  parasite  la  plu*  ntfaste  est  sans  aucun  doute  l1 ion  OH'  dont  la  bande  de 
vibration  B  2,9  ym  ee  situe  dans  la  rtgion  d'ultra  transparence.  De  rtcentes  ttudes  effec- 
tu6es  B  Rennes  (7)  ont  permis  de  calculer  le  coefficient  d'absorption  molaire  de  OH”  dans 
les  verres  fluorts.  La  contribution  de  l’ion  OH"  B  2,9  um  est  la  suivante  s 

-  environ  5000  dB/km/ppm  pour  les  verres  de  fluorozirconate 

-  environ  10000  dB/km/ppm  pour  les  verres  B  base  de  ThF^. 

L'eximen  de  ces  valeurs  montre  l'extrime  absorption  parasite  de  ces  ions  OH"  et  la  nfices- 
sitt  de  ddvelopper  des  traitementa  de  purification, 

Les  mStaux  de  transition  5d  et  4f  comme  Pe,+  *  Ni*+,  Co*+,  Nd1+,  Er»+,  Pr,+  sont 
aussi  des  facteurs  d'absorption  parasite  importants.  Le  Tableau  I  montre  les  pertes  intro¬ 
duites  B  difflrentes  longueurs  d^onde  pour  *  ppm  d'impuretd..  de  ces  m6t,sux.  ll  est  clair 
que  pour  du  guidsge  sur  ae  trBs  longues  distances  sans  rdpdteur,  il  sera  ndeessaire  d'at- 
teindre  des  niveaux  de  puret#  de  l'ordre  du  ppb  lors  de  la  preparation  des  fluorures  de 
depart  et  de  1' Elaboration  des  fibres. 


depart  et  de  1 ' elaboration  des  fibres. 


TABLBAU  I 

Influenco  de  traces  de  mStaux  3d  ou  4f  sur  les  pertes  optique3  dans 
les  verres  fluords.  Les  valeurs  correspondent  aux  pertes  en  dB/km/ppm 
pour  difffirentes  longueurs  d'onde 


x  um 

Elements 

(ppm) 

2.0 

3.0 

4.0 

Fe 

90 

2 

0,4 

Co 

130 

4 

0,2 

Ni 

90 

0,5 

0,1 

Cu 

3 

0,001 

Ce 

.. 

8 

50 

Pr 

43 

0,4 

20 

Sm 

4 

6 

7 

Tb 

25 

14 

“ 

PREPARATION,  PURIFICATION  DBS  VERRES  FLUORBS 

La  faqon  la  plus  simple  de  preparer  les  verres  fluords  est  la  fusion  du  melange 
de  fluorures  en  atmosphere  neutre  en  utilisant  des  creusets  soit  de  csrbone  vitreux,  soit 
d'or  ou  platine.  La  prdsence  d'une  atmosphere  uSche  exempts  de  traces  de  vspeur  d'H2o  est 
indispensable  pour  dviter  la  pyrohydrolyse  du  bain  fondu  et  la  formation  d'oxydes  ou 
d'hydroxydes  qui  sont  autant  de  sources  de  cristallisation  parasite. 

II  est  dgalement  possible  d'accdder  au  bain  de  fluorures  fondus  en  utilisant  des 
oxydes  comme  matdriaux  de  ddpart  et  en  les  uonvertiasant  en  fluorures  par  traitement  6 
300*  C  en  prdsence  de  fluorure  acide  d'a'mmonium  NH4FHP .  Aprfcs  traitement  de  fluoration, 
l'excds  de  sel  d'ammonium  est  dlimind  par  sublimation. 

Lors  de  la  preparation  de  verres  fluords  par  cette  dernidre  mdthode  et  mdme  ft  par 
tir  de  fluorures  trds  purs,  il  est  difficile  d'dviter  la  formation  d'ions  OH"  et  d'ions 
0  dans  1e  bain.  Les  verres  obtenus  prdsentent  alors  une  absorption  caractdristique  au- 
tour  de  3  pm,  et  des  dpaulements  dans  la  region  6-7  pm  due  aux  vibrateurs  H-0.  Des  tech¬ 
niques  de  Reactive  Atmosphere  Processing  RAP  utilisant  soit  CCI4  (8),  soit  CS2  (9)  ont 
8te  d6velopp<es  avec  succds  pour  eiiminer  ces  vibrateurs  parasites.  La  Figure  7  montre 
comment,  aprds  un  traitement  RAP,  se  trouve  amdllorSe  la  transmission  d'un  verre  fluor# 
aussi  bien  dans  la  region  2,9  pm  qu'aux  environs  de  7  pm.  Le  traitement  consist#  6  faire 
passer  les  vapours  de  CCI4  ou  CS2  sur  le  bain  de  verre  en  fusion. 


WAVELENGTH  |*m 


3  4  5  6  789  10 


Figure  7,  Transmission  optique  d'un  verre  fluorl  t  base  de  thorium  prepare  6  I'air  et 
ensuite  soumis  8  un  traitement  de  Reactive  Atmosphere  Processing  sous  CSZ. 

CONCLUSION.  APPLICATIONS 

II  ne  fait  aucun  doute  que  l'importante  activity  de  recherche  sur  les  veries  fluo 
res  est  motivee  par  la  potentiality  de  preparer  des  fibres  optiques  ultra  transparentes 
de  quelques  centidmes  ou  millitmes  de  dB/km  autorisant  de  ce  fait  des  telecommunications 
longues  distances  sans  rBpeteur. 

.  Ce  type  d' applications  visant  8  mettre  au  point  des  fibres  optiques  de  deuxiSme 

generation  compiementaires  des  fibres  de  sitice  va  ndcessiter  le  developpement  d'une  tech¬ 
nologic  nouvelle  de  preparation  qui  passera  nicessairement  par  la  voie  gaieuse.  Le  d#fi 
technique  pos6  fitant  la  preparation  de  fibres  dont  le  taux  tolerable  d'lmpuretfis  sera  de 
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l'ordre  de  quelques  parties  par  milliards,  il  est  clair  quo  des  mlthodes  do  type  dlplt 
chimique  par  phase  vapeur  devront  Itre  dlvelopples  conjointement  au  dlveloppement  de  ml- 
thodes  de  fabrication  de  fibres  en  continu  pour  Iviter  des  pertes  trop  fortes  aux  jonc- 
tions.  II  est  clair  que  ces  guides  d'onde  exceptionnels  ne  trouveraient  ou'un  intlrlt 
limits  sans  la  mise  au  point  de  sources,  de  modulat.eurs ,  ot  de  rScepteurs  fiables  dans  la 
bande  2-4  microns. 

Un  autre  type  d' applications  lil  aux  propriltls  d'ultta  transparence  concerns 
aussi  le  transport  sur  de  courtes  ou  moyennes  distances  de  fortes  Energies  Imanant  de  la¬ 
sers  de  puissance  Imettant  dans  la  rlgion  2-4  ym. 

Mime  si  l'objectif  ultima  d'ultra  transparence  n'est  pas  attaint,  le  dlveloppement 
de  fibres  optiques  en  verre  fluorl  de  quelques  dB/km  doit  conduire  ft  beaucoup  d' applica¬ 
tions  que  l’on  peut  schlmatiquement  divislos  en  deux  parties  : 

-  l'une  I  vocation  analytique  dont  la  finalitl  est  le  captage  et  1 'analyse  d'un  signal 
I.R.  :  c'est  le  domaine  des  capteurs  optiques 

-  l'autre  oO  la  fibre  sert  de  guide  pour  le  transport  d'lnergie. 

Le  dlveloppement  des  fibres  I.R.  pour  capteurs  est  fondamental  pour  les  technolo¬ 
gies  suivantes  : 

a)  pyromltrle  ft  distance  i  une  fibre  optique  transparente  jusqu'ft  S  ym  doit  permettre  de 
recueillir  des  informations  significatives  jusqu'ft  des  templratures  voisines  de  l'ambiante 
et  Ividemment  vers  les  hautes  templratures.  Les  applications  potentielles  sont  les  sui¬ 
vantes  :  mesure  de  templrature  dans  des  endroits  reculls,  diff idles  d'accfts,  dltecteurs 
d'incendie,  thermographic,  imagerie  thermique,  endoscopie  mldicale. 

b)  spectroscopie  I.R,  ft  distance  :  la  mise  au  point  dc  fibres  I.R.  ft  large  bande  doit  per¬ 
mettre  la  rlaiisation  de  cellule  de  mesure  apectrophotomltrique  ft  distance  permettant  des 
analyses  de  gaz,  liquids,  otc...,  le  contrflle  in  situ  de  rlactours  industriels,  de  gaz  pol- 
luants,  du  metabolisms  COj  dans  les  poumons,  etc... 

Le  transport  guidl  d'lnergie  sur  de  courtes,  moyennos  ou  longues  distances  cona- 
titue  Igalement  un  domaine  d' application  prometteur.  Le  couplage  laser-fibre  a  jusqu'ft 
prlsent  Itl  rlalisl  entre  les  lasers  nlodyme  Imottant  ft  1  06  ym  et  les  fibres  de  silice 
trfts  transparentes  ft  cette  longueur  d'onde.  11  faut  toutefois  remarquer  que  beaucoup  de 
matlriaux,  dont  le  tissu  humain,  sont  peu  absorbants  ft  cette  longueur  d'onde.  Les  matl- 
riaux  organiques,  on  inclut  ici  les  tissus  humains,  les  polymftres  naturals  ou  artificiels 
bois,  papier,  tissus,  plastiques,  etc...,  absorbent  fortement  le  rayonnement  I.R.  entre 
2  et  5  ym,  r6gion  qui  correspond  aux  vibrateurs  les  plus  connus  OH,  CH,  CO,  etc... 

Ce  type  d' applications,  dlcoupage,  usinage,  imprimante  thermique,  chirurgie  laser, 
soudure,  etc.,,  est  Ividemment  tributaire  des  sources  lasers  de  puissance  moyenne  dans 
cette  rlgion  I.R.  du  spectre.  Le  laser  CO2  Imettant  ft  10,6  ym  est  6videmment  inutilisable 
avec  des  fibres  verres  fluorls  j  par  contre,  la  rlgion  d'lmission  5  ym  du  laser  CO  semble 
Itre  plus  rlaliste  et  plus  compatible  avec  des  guides  d'onde  dont  la  limite  de  transpa¬ 
rence  se  sltue  dans  cette  r6gion  du  spectre. 
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SUMMARY  OF  SESSION  IV 
COMMUNICATIONS 

by 

B.  Hendriokaon.  Chairman 

8*v*n  papira  wara  praaantad  In  thla  taehnioal  aaaaion  covering  a  wide  ranga  of  communication  ayetam 
application*  of  optical  fibar.  Thaaa  papara  ara  aummcriaed  balow, 

"Wlda -Bandwidth,  Long  Dlatanc*  Flbar  Qptlo  Oommunioation  Syatama" 

Thla  paper  diaouaaad  an  advanoad  ilngla  mod*  fixed  plant  communication  ayetam  with  experimental  de- 
monatration  at  140  MBPS  at  an  unrepeatered  diatanoa  of  250  Km  and  experimental  reeulta  up  to  2  QBPS  at 
dlatanoaa  of  BO  Km. 

"Performano*  of  RF  Fiber  Qptlo  Link*" 

Thla  paper  diaouaaad  a  new  applioation  of  aingle  moda  fibar  aa  an  RF  waveguide  alternative.  Both  di¬ 
root  laaar  modulated  and  externally  modulated  ayatama  were  diaouaaad.  Thla  paper  amphaaiaad  practical  en¬ 
gineering  oonalderatlona  in  implementing  a  aingle  mode  analog  ayatem  aa  an  alternative  to  waveguide. 

"Fiber  Optloa  -  A  Survivable  and  Ooat  Effective  Tranamiaalon  Medium  for  Terreatrial  Network*" . 

Thla  paper  dlaouaaed  a  atudy  aimed  at  trading  off  a  fiber  optle  baaed  communication*  ayatem  verau* 
a  lln*-of-aight  microwave  or  ooaxlal  cable  baaed  ayatem.  Reaulta  ahow  a  marked  advantage  of  optioal  fiber 
verau*  the**  alternative  ayatema  from  life  eyrie  coat  and  operation  and  aupport  ooat  point  of  view. 

"Single  Mod*  Fiber*  for  Fiber  Qptlo  Quidod  Mlaallea  -  A  Oomparlaon  with  Graded  Index  Multimode  Fiber*11 

Thla  paper  diaouaaad  a  novel  applioation  of  optioal  fibar  to  mlaall*  payout.  Dlaouaaiona  oentered 
on  tradeoff*  between  aingle  and  multimode  fiber.  Multimode  fiber  was  ahown  to  outperform  aingle  mod*  fiber 
a*  a  function  of  bend  radula  on  the  payout  winding. 

"Lightwave  Technology  in  Future  Radar  Equipment  Dealgn" 

Thla  paper  diaouaaad  tradeoff  deaigna  for  the  implementation  of  a  fiber  optio  baaed  radar  ayatem  de- 
elgn.  Praotloal  reaulta  were  reported  in  the  area  of  ayatem  nola*  and  perfornano*.  Additionally  preliminary 
reaulta  were  reported  on  a  Frana-Kaldyah  abaorption  modulator  daaign, 

"Tactloal  Fiber  Qptlo  Cable  Aaaembly  Requirement*" 

Thla  paper  reported  on  dealgn  requirement*  for  a  ruggediaed,  environmentally  qualified  multimode  op¬ 
tioal  fiber  cable  and  oonneotor  for  the  battlefield.  Tradeoff  analyaea  of  fiber  oonatruotlon  verau*  envi¬ 
ronment  (airphaalalng  temperature)  were  preaented. 

"A  Hybrid  Tranamiaalon  Soheme  on  Single  -  Mode  Fiber*  for  Taotlcal  Communication*" 

Thi*  paper  dlaouaaed  a  novel  approteh  to  the  ua*  of  light  emitting  diode  (LED'*)  on  aingle  mod*  opti¬ 
oal  fiber  a*  well  a*  propoalng  the  ua*  of  laaar  power  aharlng  at  tactical  ooimand  oentern.  Thla  paper  exa¬ 
mined  ooat.  reliability  and  flexibility  of  the  propoaed  hybrid  tranamiaalon  aohem*  to  battlefield  opera¬ 
tion. 
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ABSTRACT 

Raoant  advances  In  laser,  fibre  and  raoaivar  technology  hava  allowed  a  aacias  of 
unrepeatered  optical  transmission  ayatam  experiments  to  ba  carried  out  at  BTRL.  Thasa 
spans  ranged  fro1.#  90  km  to  250  km  at  lina-rataa  from  34  Mbit/s  to  2  Gbit/s. 

At  data-ratas  of  34  Mblt/s  and  140  Mbit/a,  a  single-line  1.525  um  distributad  faadbaok 
laaar  waa  usad  in  conjunction  with  stap-indax  monomoda  fibra  spans  up  to  251.6  km.  In  a 
second  sat  of  experiments,  a  1,55  um  multi- longitudinal-mods  laser  gave  arror-fraa 
transmission  over  lengths  of  dispersion-shifted  fibre  up  to  233  km.  For  gigabit 
transmission  experiments,  a  1.535  pm  single-line  laser  and  dispersion-shifted  fibra 
provided  a  further  system  option  which  resulted  in  a  raoant  fully-ragenaratad  2  Gbit/s, 
90  km  trial  featuring  commarcially-availabla  GaAs  logic  components. 

This  paper  describes  the  various  system  configurations  implemented  and  reviews  the 
technical  options  for  further  long-span,  unrepeatered  optical  transmission  experiments 
using  current  and  developmental  direct-detection  technology  in  the  1.5  pm  wavelength 
region. 


INTRODUCTION 

At  the  present  time,  a  number  of  laboratories  ars  actively  engaged  in  the  design  and 
development  of  long-span,  high-capacity  optical  transmission  systems,  Significant 
increases  have  recently  been  made  in  system  capability  (expressed  as  a  span/bit-rate 
product)  |.1,2J  and  in  unrepeatered  span  L3,4J.  The  realisation  of  such  high-performance 
optical  transmission  demonstrations  requires  careful  consideration  of  laser  spectral 
characteristics,  fibre  attenuation,  fibre  dispersion  and  the  construction  of  low-noise 
receiver  circuitry.  The  use  of  oommeroially-available  lasers,  fibre  and  receiver 
electronics  in  reoent  laboratory  trials  at  BTRL  will  permit  the  rapid  transfer  of  this 
technology  into  the  development  and  production  stages,  and  thus  allow  system  planners  to 
take  advantage  of  the  increased  flexibility  and  reduced  cost  that  such  systems  will 
offer. 

Tnis  paper  will  review  some  recent  unrepeatered  system  experiments  and  provide  an 
asaessment  of  the  technical  options  available  for  future  long-span  direct-detection 

systems. 

FIBRE  ATTENUATION  AND  DISPERSION  CHARACTERISTICS 

Typically,  the  best  step- index  monomode  fibre  designs  [5,61  have  attenuation  and 
dispersion  properties  shown  in  Figure  1.  The  principal  attenuation  minima  occur  at 
wavelengths  of  approximately  1.3  um  and  1.55  um.  Fibre  loss  in  the  second  window  can  ba 
below  0.2  dB/km  wnllet  at  1.3  um,  better  than  0.35  dB/km  has  been  achieved.  Naveguide 
and  material  dispersive  effects  introduce  dispersion  of  approximately  17  pe/nm.km  in  the 
second  window  region  and  lass  than  4  ps/nm.km  at  1.3  um.  Much  research  has  been  carried 
out  to  minimise  dispersive  effects  at  1.55  um  whilst  retaining  the  low  attenuation)  good 
results  being  reported  from  a  number  of  laboratories  [7,8J.  Recently,  fibre  of  this 
dispersion-shifted  type  has  become  commercially  available. 

A  second  approach  to  the  dispersion  problem  which  has  aroused  considerable  interest  is 
the  use  of  single-longitudinal-mode  lasers.  These  devices  exhibit  narrow  linedwidths 
under  modulation  and  therefore  allow  high-speed  transmission  over  conventional  step- 
index  monomode  fibre.  The  lasers  used  in  the  long-span  experiments  reported  here  ars 
described  in  the  next  section. 

LABER  TRANSMITTERS 

To  obtain  wide-bandwidth,  long-span  optical  transmission  the  optical  source  should  have 
a  high  mean  launch  power  and  suitable  spectral  characteristics  for  the  transmission 
medium.  Two  device  types  are  described  in  this  paper i  the  multi-longitudinal  mode, 
double-channel  planar  buried  heterostructure  (DCPBH)  and  ridge  waveguide,  distributed 
teedbaok  (DFB)  laser,  Both  of  these  devices  have  featured  in  the  long-span  transmission 
experiments  reported  here. 

Figure  2  shows  the  time-averaged  spectral  characteristics  of  a  DCPBH  laser  under  high 
drive  level  conditions.  The  mean  wavelength  is  1.55  um  with  an  rms  spsotral  width  of 
3.5  nm.  This  spectrum  corresponds  to  the  second  low- loss  window  in  silica  fibre  but 
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would  Introduce  significant  dispersion  In  the  oonvantlonal  step-ir.dex  type.  Typically 
thla  would  limit  the  apan  of  a  140  Mbit/s,  1.55  pm  optloal  tranamlaalon  eye tern  to 
approximately  23  km. 

m  oontraat,  the  time-averaged  epectrum  of  a  dfb  laaer  produced  at  BTRL  [[93  is  shown  In 
Figure  3.  The  single-longitudinal-moda  behaviour  la  maintained  under  high-speed 
modulation  with  u  spaotral  width  of  approximately  0.2  nm  at  1.8  Obit/s.  A  gradual 
broadening  occur a  with  high-apead  drive  in  oompariaon  to  the  (monochromator  resolution- 
limited)  spectrum  observed  under  do  conditions.  The  transient  apaotral  behaviour  of  a 
BTRL  DFB  laser  is  shown  in  more  detail  in  Figure  4.  Both  inatantaneous  wavelength  and 
intensity  are  subject  to  a  damped  oscillation  or  "ohirping"  sffeot  which  has  received 
considerable  attention  in  the  literature  Teg  1QJ.  Wavelength  ohirping  constitutes  a 
further  dispersive  limit  to  system  capacity  and  can  be  the  dominant  system  impairment 
when  dispersive  fibra  is  used  [ill.  Chirp  reduation  may  be  achieved  by  operating  the 
laser  above  threshold  or  by  providing  external  modulation.  However,  both  these 
techniques  introduce  additional  penalties.  Recently,  chirp-reduction  has  been 
demonstrated  at  BTRD  L12,13J  by  modification  of  the  laser  pumping  pulse  to  influenoe  the 
junction  carrier  density  variation  after  turn-on  and  hsnoe  reduce  the  laser  wavelength 
perturbation  described  above.  The  required  laser  drive  pulse  modification  can  be 
introduced  by  exploiting  the  similarity  between  the  chirp  effect  shown  in  Figure  4  and 
the  impulse  response  of  a  second-order  network.  Figure  S  is  i  schematic  diagram  of  the 
basic  experimental  technique.  With  appropriate  choice  of  second-order  network  transfer 
function,  a  substantial  reduction  in  laser  chirp  can  be  obtained.  This  technique  is 
currently  undergoing  further  experimental  and  theoretical  analysis. 

RBCKXVRRfi 

Long  span  optical  transmission  can  only  be  achieved  with  high  performance  optical 
receivers.  To  obtain  sensitivity  levels  approaching  -50  dBm  at  140  Mbit/s  requires 
careful  attention  to  the  noise  contribution  of  tha  post-detection  circuitry.  Xn 
principle,  the  lowest  noise  is  achieved  with  the  high-impedance,  QaAs  FET  input  stage 
shown  in  Figure  6  provided  that  tha  total  input  capacitance  is  minimised.  However, 
accurate  compensation  for  the  low-pass  filtering  action  at  the  input  must  be  provided. 

An  alternative  configuration  is  the  transimpedanoa  circuit  shown  in  Figure  7.  This 
design  typlaally  has  greater  noise  than  its  high- impedance  counterpart,  but  offers  other 
advantages  such  as  high  dynamic  range  and  simplified  equalisation.  Germanium  avalanche 
photodiodes  (Qe  APD's)  have  bean  used  in  all  the  optical  receivers  developed  for 
experiments  described  here.  In  contrast  to  the  alternative  FIN  photodiode  receivers 
commonly  used,  Qe  AFD'a  introduce  non-negligible  leakage  current  and  signal-dependant 
noise  but  this  is  offset  by  the  substantial  avalanche  gain  provided.  Tha  most  sensitive 
direct-detection  optical  receivers  in  current  system  or  research  use  now  routinely 
employ  Qe  or  XXX-V  AFD'a  or  high-performance  FIN  diodes. 

Commercially  available,  30  pm  diameter  Qe  AFD'a  have  been  incorporated  in  a  number  of 
transimpedanae  optical  receiver  designs  for  bit-rates  ranging  from  34  Mbit/s  to  2  Qbit/s. 
Their  performance  is  summarised  in  Figure  8, 

The  experimental  points  lie  close  to  a  straight  line  with  a  slops  of  13.8  dB/decada. 

This  slope  can  ba  taken  as  an  indication  of  receiver  design  performance.  If  only  bit- 
rate  independent  noise  contributions  are  Important,  the  receiver  sensitivity  is 
proportional  to  1/T  (where  T  is  the  bit  duration)  giving  a  slope  of  10  dB/decada. 
Alternatively,  if  the  receiver  noise  is  dominated  by  tha  input-stage  contribution,  the 
sensitivity  Is  proportional  to  1/TV2,  giving  a  slope  of  15  dB/decade.  it  is  clear  from 
the  leaser  slope  obtained  praatically  that  the  use  of  an  avalanche  photodiode  gives  an 
improved  reoeiver  noise  performance  even  in  the  gigabits  region  together  with  attendant 
dynamic  range  increases.  Avalanche  photodiodes  fabricated  from  IXX-V  materials  offer 
significant  performance  advantages  compared  to  tha  Qe  AFD'a  mentioned  above  with 
excellent  receiver  sensitivities  being  reported  at  2  Qbit/s  [lj  and  4  Qbit/s  [21, 
Quaternary  compound  detectors  also  offar  potentially  good  performance  in  the  2-5  urn 
wavelength  region  [14J  where  fluoride  glass-based  fibres  exhibit  minimum  attenuation  [15]. 

BYSTEM  RESULTS 

A  range  of  experimental  systems  with  spans  in  excess  of  200  km  have  been  evaluated  as 
shown  in  Table  1.  Both  monomode  step- Index  and  dispersion-shifted  fibre  have  been  used 
together  with  multi-longitudinal  mode  DCFBH  and  single-line  DFB  lasers.  Full 
regeneration  was  provided  in  all  cases.  Figure  9  is  a  schematic  diagram  of  a  recent 
222.8  km,  140  Mbit/s  optical  transmission  experiment  [l6J  which  used  a  1.525  we  DFB 
laser  and  a  high-performance  Qe  APD  reoeiver.  The  laser  threshold  was  50  mA  at  17°C 
with  a  psak-to-peak  modulation  signal  (from  threshold)  of  60  mA  provided  by  a  QaAs 
ME8FBT  drive  circuit.  Pseudo-random  data  (210-1,  NRZ)  was  used  throughout  the 
experiment.  An  optimised  objective  lens  arrangement  allowed  40t  coupling  efficiency 
(or  loss  of  4  dB)  between  laser  and  fibra.  This  resulted  in  a  mean  launch  power  of 
41.5  dBm  at  140  Mbit/s  and  1.525  vm.  The  222.8  km  optical  transmission  pstn  consisted 
of  commeroially-available  monomode  step-index  fibre.  Low-loss  fusion  splices  were  used 
throughout  tha  fibre  span  which  was  comprised  of  5.3  km  and  6.4  km  lengths.  An  overall 
span  loss  of  49.3  dB  was  measured  at  1.525  wra  with  an  average  splice  less  of  less  than 
0.1  dB. 

At  the  receiver  and,  tha  system  fibre  was  butted  directly  against  a  developmental  ohip- 
oarrier  30  wm  diameter  Qe  AFD.  Low-noise  receiver  performance  was  obtained  from  a  QaAs 
FET  input  stage  transimpedanae  circuit.  After  subsequent  amplification,  the  detected 
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signal  was  pasaod  to  a  140  Mbit/s  regenerator  of  conventional  design  employing  SAW 
filter  timing  extraction.  The  regenerated  signal  was  then  available  for  ber 
measurements  using  a  standard  data  test-set.  Figure  10  shows  the  observed  mean  ber  as  a 
function  of  mean  received  optioal  power.  No  dispersive  system  power  penalty  wan 
inourred  since  at  a  bit-rate-span  product  of  30  Obit. km  DFB  laser  chirp  effects  are 
negligible.  Theoretical  performance  modelling  is  based  on  a  standard  Gaussian  noise 
model  and  assumes  no  penalty  due  to  laser  pulse  shape.  The  equivalent-time  received 
"eye"  is  shown  in  Figure  ll.  An  overall  syatarn  margin  of  1.2  dB  was  obtained.  Further 

experiments  at  34  Nbit/a  with  attendant  improvements  in  laser  launch  power  and  receiver 

sensitivity  (as  described  in  Table  1)  allowed  a  span  of  2S1.6  km  to  be  aohieved. 

An  experimental  set  up  similar  to  that  of  Figure  9  wae  used  for  the  long-span  dispersion- 
shifted  experiments.  The  optioal  source  was  a  1.55  pm  DCPBH  laser  providing  a  mean 
launch  power  of  +5  dBm  at  bit-rates  of  both  34  Mbit/a  and  140  Mbit/s.  Avalanche 
photodiode  receivers  allowed  margins  of  3.7  dB  after  233,5  km  of  fibre  at  34  Mbit/s  and 
0.9  dB  after  220.6  km  at  140  Mbit/e  respectively. 

Recently,  at  BTRL,  fully-regenerated  system  results  have  been  obtained  with  a  paokaged 
OaAs  master-slave  D-type  flip-flop  operating  at  2  Gbit/s  with  a  2^5-i,  pEb,  NRE ,  data 

sequence  [l7J.  The  optioal  source  was  a  ridge-waveguide,  DFB  laeer  of  similar 

construction  to  that  daaoribed  previously  whilst  tha  receiver  consisted  of  a  30  pm 
diameter,  Qe  APR  in  conjunction  with  paokaged  monolithic  microwave  integrated  circuits 
(MMIC's) .  Burfaoe-mounting  microwave  printed  circuit  board  construction  techniques  gava 
good  broadband  performance.  Attenuation-limltad  transmission  was  aohieved  over  a  90  km 
span  of  disparsion-shifted  fibre. 

A  schematic  diagram  of  the  experimental  system  is  shown  in  Figure  12.  The  transmitter 
was  a  stud-mounted,  ridge-waveguide,  DFB  laser  emitting  at  1.535  pm.  bight  was  aoupled 
into  the  fibre  by  means  of  an  objective  Ians  arrangement  with  401  coupling  offiaiancy 
allowing  a  maan  launch  power  of  -1.0  dBm  with  tha  laser  biased  at  threshold  and  a 
2  Obit/s,  60  mA  peak-to-peek  modulation  current  provided  by  a  OaAs  MEPFET  pulse 
amplifier.  The  dispersion-shifted  fibre  span  was  on  14  reels  joined  by  low-loss  fusion 
splices  with  an  average  splioe  loss  of  0.1  dB.  Total  path  attenuation  at  1.535  um  was 
22  dB  (0.234  dB/km) ,  while  at  1.55  pm,  tha  nominal  fibre  loss  is  0.215  dB/km  [83.  The 
fibre  dispersion  aero  was  at  1.551  pm  with  approximately  1  ps/(nm'.km)  negativa 
dispersion  at  1.535  pm  wavalangth. 

At  the  receive  end  of  the  transmission  path,  the  deteatad  and  amplified  signal  was  split 
and  fed  direotly  to  the  OaAs  flip-flop  'D'  input  and  timing  extraction  circuitry.  As 
shown  in  Figure  12,  the  recovered  olook  signal  was  passed  bo  the  flip-flop  and  data  test 
receiver  olook  inputs.  The  QaAs  flip-flop  provided  both  rageneration  and  retiming 
funations  in  a  single  stage.  The  output  of  the  flip-flop  was  connected  directly  to  the 
data  test  set  for  error-rate  measurements. 

Signals  present  in  the  reoeiver/regenerator  circuitry  are  reproduced  (attenuated  by 
20  dB)  in  Figures  13a,  13b  and  13a.  The  received  pulses  ere  shown  in  Figure  13a. 

Figure  13b  is  the  regenerated  data  obtained  whilst  Figure  13o  shows  tha  fully-regenerated 
equivalent- time  "eye"  diagram  with  approximate  signal  rise  and  fall  times  of  200  ps. 

Subsequently,  a  series  of  error-rate  measurements  were  performed  over  dispersion-shifted 
fibre  spans  of  4  km  and  90  kmi  regeneration  penalties  being  assessed  over  the  complete 
system.  The  results  obtained  are  given  in  Figure  14.  No  measurable  system  error-rate 
degradation  was  introduced  by  the  OaAs  D-type  flip-flop  ao  was  expected  from 
measurements  of  the  device  threshold  ambiguity  level  and  phase  margin. 

REVIEW  AND  CONCLUSIONS 

Transmission  distances  in  exaass  of  220  km  at  140  Mbit/s  oan  now  ba  achieved  using  dfb 
lasers  with  commercially  available  monomode  fibre  and  reoeivor  components.  At  34  Mbit/s, 
unrepsatered  transmission  over  a  span  of  251.6  km  has  bean  demonstrated.  This  believed 
to  be  the  longest  reported  span  up  to  the  present  time.  Further  system  demonstrations 
with  commercially  available,  low-loss  diaparsion-shlftad  fibre  have  shown  that  spans  up 
to  233  km  at  34  Mbit/s  are  technically  feasible  with  current  1,55  pm,  multi-mode  lasers 
and  high-sensitivity,  direct-detection  optioal  receivers.  Recent  work  has  centred  on 
the  fully-regenerated  gigabit  transmission  system  capability  now  available  with 
commercial  QaAs  logic  oircuitry.  The  combination  of  single-line  laser  and  dispersion- 
shifted  fibre  offers  a  new  system  option  which  will  allow  attenuation-limited 
transmission  systems  to  be  implemented  at  multi-gigabit  line-rates.  Apart  from  further 
advances  in  laser  launch  power  and  receiver  sensitivity,  it  is  expeated  that  future 
systems  will  depend  increasingly  on  the  projected  low  attenuation  of  non-silica  fibre 
for  substantial  increases  in  transmission  distance. 
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DISCUSSION 


J. Fridman,  US 

In  your  system  at  your  receiver  you  use  a  Oe  APD  coupled  to  a  FET,  rather  than  a  GalnAs  P1NFET.  With  a  typical  gain 
of  10  available  at  the  Oe  APD  and  a  higher  noise  flow  than  a  typical  GalnAs  PINFET  why  did  you  take  this  approach 
and  what  are  its  advantages?  Disadvantages  are  the  high  bias  voltages  of  the  photodetector  and  its  cooling 
requirements. 

Author's  Reply 

This  is  an  alternative  approach,  we  decided  to  perform  experiments  at  many  different  bit  rates  to  explore  the  various 
system  options. 


B.Schwaderer,  Oe 

One  of  the  main  problems  in  high  speed  logital  circuit  design  is  the  sensitivity  to  bias  supply  variation.  Can  you 
comment  on  the  bias  supply  variation  sensitivity  of  your  OaAs/FF? 

Author's  Reply 

The  OaAs  flip-flop  used  is  from  a  commercial  supplier.  The  bias  voltages  are  critical  but  we  used  voltage  regulators  to 
obtain  stable  and  reproducible  performances. 
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by 
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Head,  Advanced  Technology  Section 
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SUMMARY 

RF  flher  optic  links  have  numerous  applications  to  microwave  systems.  To  fully 
exploit  their  usefulness,  the  RF  system  designer  must  understand  their  properties 
In  terms  of  the  performance  parameters  that  are  used  to  describe  the  terminal 
properties  of  other  RF  components  such  at  loss,  signal  to  noise,  linearity,  and 
dynamics.  This  paper  details  the  performance  of  direct  and  external  modulation 
fiber  optic  links  In  terms  of  those  parameters.  Specific  examples  of  a  4. 1-4. 7  GHz 
direct  modulation  link  and  a  2.0-12.0  GHz  external  modulation  link  are  used. 

INTRODUCTION 

Fiber  optic  links  provide  a  unique  capability  to  the  RF  system  designer.  They 
ere  light  weight,  low  lost  over  large  distances,  and  have  demonstrated  operation  at 
RF  frequencies  almost  Into  the  millimeter  wave  range.  Because  the  fiber  Is  a 
dielectric,  tney  are  fret  from  the  affects  of  electromagnetic  Interference,  EMI, 
unaffected  by  large  electromagnetic  pulses  and  can  be  closely  confined  with 
negligible  crosstalk.  Thus  where  distance,  volume,  weight,  or  EMI  are  concerns,  the 
fiber  optic  RF  link  can  present  an  attractive  alternative.  Application  areas  Include 
a  variety  of  platforms  Including  shipboard,  avionic,  submarine,  terrestrial  and 
space.  Any  environment  where  a  coaxial  cable  Is  currently  used  could  be  considered 
and  Indeed  many  new  applications  for  distributed  systems  can  be  examined. 

Fiber  optic  systems  are  particularly  attractive  because  coaxial  transmission 
systems  exhibit  excessive  losses  when  operated  over  any  appreciable  distance.  As  an 
example,  RG-400  coaxial  cable  has  losses  of  1115  dB/km,  and  0,141  semirigid  coaxial 
cable  has  losses  of  790  dB/km  at  5.0  GHz[l],  These  losses  contrast  sharply  with 
silica-based  single-mode  optical  fiber  losses  at  1,3  pm  of  n,47  dB/km[2j,  a 
reduction  of  three  orders  of  magnitude.  Even  with  the  Inclusion  of  loss  due  to 
electro-optical  conversion  and  Intercomponent  optical  coupling,  the  optical 
transmission  system  will  provide  lower  losses  for  link  lengths  as  short  as  150  ft, 

As  the  frequency  Is  Increased  above  5  GHz,  the  crossover  point  between  coaxial  cable 
systems  and  optical  fiber-based  systems  will  be  reduced. 

Before  the  RF  designer  can  use  a  fiber  optic  link,  he  has  to  consider 
performance  for  many  parameters  and  not  Just  loss  and  bandwidth.  Indeed,  the  loss  of 
a  link  Includes,  In  addition  to  the  propagation  loss  term  quoted  above,  losses  due  to 
the  electrical  to  optical  conversion  In  the  transmitter  and  the  optical  to  electrical 
conversion  In  the  receiver.  These  additional  terms  can  result  In  a  link  loss  of  20  - 
30  dB  or  more.  While  this  loss  can  be  offset  by  Including  gain,  It  Is  Important  to 
examine  where  In  the  link  that  gain  Is  Implemented. 

It  Is  the  purpose  of  this  paper  to  discuss  the  performance  of  RF  fiber  optic 
links  In  terms  of  several  of  the  critical  performance  parameters  that  must  be 
specified  whan  one  of  these  links  Is  used  In  a  realistic  application.  The  parameters 
to  be  discussed  Include,  bandwidth,  loss,  si gnal -to-nol si  ratio,  linearity  and  link 
dynamic  range.  A  large  number  of  RF  analog  fiber  optic  links  have  been 
demonstrated.  They  Include  a  700-NHz  broad-band  analog  link  at  0.85  um  over  a  1.1 
km  graded-lndex  fiber  [3],  a  link  at  0.85  pm  In  the  2. 0-4.0  GHz  band  over  a  1.1-km 
single-mode  fiber  demonstrated  by  Bechtle  and  Siegel  [4],  a  narrow-band  analog  fiber¬ 
optic  link  at  0.85  um  In  the  4. 4-5.0  GHz  band  over  a  1.1-km  single-mode  fiber  by 

Pan[5],  a  4, 4-5.1  GHz  link  by  Stephens  and  Josaph£6],  a  10.3  GHz  link  was 

demonstrated  by  Lau  et  al.[7],  and  a  12.5  GHz  bandwidth  was  shown  by  Su  at  al.[C], 
Each  of  the  above  results  used  direct  laser  modulation.  Using  external  modulators, 
higher  frequency  links  have  been  realized.  Examples  include,  a  0-17  GHz  .85  um  link 
by  Gee  et  al  [9],  and  7.2  GHz  bandwidth  modulator  at  1.32  um  developed  by  Alferness 
et  al C 10^ . 

Figure  1  shows  a  schematic  of  the  two  principal  RF  fiber  optic  link  types.  Each 

fiber  optic  link  consists  of  a  transmitter  module,  a  length  of  fiber  and  a 

receiver.  By  using  single  mode  fiber  at  or  near  the  zero  dispersion  wavelength,  the 
effective  bandwidth  of  the  fiber  Is  typically  not  a  limiting  factor  In  link 
performance.  Tnat  performance  Is  dictated  primarily  by  the  characteristic  of  the 
transmitter  and  the  receiver.  The  two  principal  types  of  transmitters  that  have  been 
Investigated  are  direct  modulation  and  external  modulation. 


*Th1s  work  partially  supported  by  the  U.S.  Air  Force  Electronic  Systems  Command,  Rome 
Air  Development  Center  under  Contracts  F30602-84-C-0020  and  F30602-83-C-0166. 
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In  direct  laser  modulation,  the  signal  Is  Imposed  onto  the  laser  bias  current 
yielding  an  Intensity  modulation  of  the  optical  beam.  Typical  transmitters  Include  a 
matching  circuit  to  match  the  laser  to  the  50  fl  coaxial  Input.  An  amplifier  may  be 
used  to  amplify  low  level  signals.  The  performance  of  this  transmitter  Is  determined 
by  the  modulation  characteristic  of  the  laser.  For  example,  the  frequency  Is 
normally  limited  by  the  relaxation  oscillation  of  the  laser.  This  occurs  at  a 
frequency  determined  by  the  bias  conditions  and  the  specific  laser  geometry.  The 
relaxation  oscillation  frequency,  fp,  Is 
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where  r  Is  the  optical  confinement  factor,  A  (s  the  differential  optical  gain,  Nom 
Is  the  cornier  density  for  optleal  transparency,  t.  Is  the  spontaneous  emission 
lifetime  of  Injected  carriers,  t  Is  the  photo  lifetime  and  i  and  I,,  are  the  bias 
and  threshold  currents  respectively.  Typically,  fa  Is  2-5  GHz  depending  on  the 
specific  laser  and  the  bias.  However,  some  special  geometries  have  achieved 
frequencies  of  up  to  12  GHz  [3], 


External  modulation  based  transmitters,  shown  In  Figure  lb  use  a  laser  operated 
cw  to  drive  a  modulator  which  Imposes  the  RF  signal.  Typically,  the  modulator  Is  an 
electrooptic  travelling  wave  device  fabricated  on  LINbOj,  These  consist  as  shown  In 
Figure  2,  of  an  optical  waveguide  structure  over  which  a  microstrip  electrode  pattern 
Is  deposited.  The  waveguide  pattern  shown  Is  a  Mach-Zehnder  Interferometer.  The 
Holds  generated  by  the  mlerostrlp  cause  a  phase  modulation  of  the  optical  beam  which 
Is  converted  by  the  Interferometer  Into  an  Intensity  modulation.  The  modulator  has 
low-pass  frequency  characteristic  and  3  dB  frequency  and  hence  the  bandwidth  Is 
determined  by  the  cumulatlvi  phase  shift  between  the  RF  and  optical  signals  due  to 
the  mismatch  In  their  velocities. 


A  bandwidth  Interaction  length  product  results  from  the  calculation  of  the 
affect  of  the  velocity  mismatch.  In  LINbOj,  this  product  Is  84,7  GHz-mm.  Thus  for 
maximum  bandwidth,  a  short  Interaction  length  Is  required,  However,  the  shorter  the 
Interaction  length,  the  more  voltage  that  Is  required  to  drive  the  modulator. 

The  output  of  each  transmitter  Is  an  Intensity  modulated  optical  beam  (Phase 
modulated  beams  and  coherent  links  will  not  be  considered  In  this  paper).  This  Is 
guided  to  the  receiver  by  the  optical  fiber.  The  receiver  converts  the  light  back 
Into  an  RF  signal  and  usually  contains  soma  amplification  and  Indeed  may  Include  a 
matching  circuit  between  the  photodiode  and  the  amplifier.  Primarily  PIN,  Schottky, 
and  Avalance  photodiodes  (APD),  have  been  used  for  RF  links.  The  Schottky  diode  on 
GaAlAs  hat  been  used  to  achieve  operation  at  frequencies  of  up  to  100  GHz. [11],  For 
long  wavelength  operation,  the  PIN  dlodo  has  predominated  because  of  the  difficulty 
of  forming  a  Schottky  barrier  In  the  InGaAsp  material  system.  Tho  APD  typically  does 
not  have  the  bandwidth  needed  for  operation  at  frequencies  above  several  GHz  and  has 
not  been  available  for  use  In  the  1.3  um  range. 

The  performance  of  RF  fiber  optic  links  has  been  characterized  In  the  literature 
primarily  In  terms  of  frequency  of  operation,  bandwidth,  optical  Intensity  levels  and 

Quantum  efficiency.  In  specifying  the  performance  of  such  a  link,  the  RF  system 
eslgner  needs  adequate  bandwidth  and  operation  at  the  proper  center  frequency. 
However,  the  parameters  he  Is  principally  concerned  with  are.  Insertion  loss,  spur 
free  dynamic  range,  signal  to  noise,  linearity  end  the  ability  to  provide  the 
specified  performance  while  exposed  to  a  military  operating  environment.  Much  of  the 
effort  at  TRW  both  under  contract  and  previously  on  Internal  funding  has  been  to 
characterize  these  links  in  terms  of  these  parameters. 


The  following  sections  describe  the  performance  of  RF  links  In  terms  of  there 
parameters.  Two  examples  will  be  used  for  Illustrative  purposes.  They  are  a  4.1  to 
4.7  GHz  direct  modulation  link  developed  and  characterized  at  TRW  and  a  2-12  GHz 
external  modulation  link  which  Is  being  developed  under  contract  with  the  U.3,  Air 
Force,  Rome  Air  Development  Center.  Figure  3  shows  a  diagram  of  the  4,1 -4.7  GHz  link 
while  Table  1  gives  Its  measured  performance.  Figure  4  shows  a  diagram  of  the 
external  modulation  link  and  Table  2  gives  the  design  performance  data, 


Insertion  Lots 

The  Insertion  loss  of  a  fiber  optic  link  Is  the  loss  Incurred  In  convention  to 
and  from  the  optical  signal  added  to  the  optical  propagation  loss.  Typical  links 
have  0  dB  loss  due  to  the  gain  which  Is  Included  In  the  amplifiers.  Since  the 
specific  placement  of  the  amplifiers  can  affect  the  noise  characteristics,  (t  can  be 
assumed  that  the  amplifiers  are  not  present  In  the  following  discussion. 

For  dl rect -modul ated  direct-detection  fiber-optic  links,  the  RF  Insertion  loss 
Is  given  by 
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Tab  1 •  1:  Measured  Performance  of  the  Microwave 
Fiber-Optic  Link 
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Parameter 

Optical  Wavelength 
Fraquancy  Canter 
Bandwidth 
Length 

Signal  to  Noise  Ratio  In  500  KHz  band 
Fraquancy  Response  Flatness 
Harmonic  Suppression 

Two-Tone  Intermodul at  1  on  Product  Suppression 
(-10  dBm  signals,  1  MHz  Separation) 
Non-Harmonic  Spurious  Response 
Link  Insertion  Lots 


Performance  Achieved 
1  >3  lilt! 

4.4  QHz 
500  MHz 
1.1  km 
60  dB 
t  1  dB 
52  dBe 
36  dBe 

None  Observed 
-1  dB 


Table  2:  Performance  Requirements  for  the  External 
Modulation  Fiber  Optle  Link 


Deslan  Performance 


Optical  Wavelength 

1.3  urn 

Frequency 

2  -  12  QHz 

Length 

1  km 

Signal  to  Noise  Ratio 

13  dB 

(10  GHz  bandwidth) 

Frequency  Response  Flatness 

t  2  dB 

Harmonic  Suppression 

35  dBe 

Two-tone  Intermod 

Suppression 

43  dBe 

Non-Harmonic  Spurt 

•40  dBe 

Link  Insertion  Lots 

0  dB 

where  p_  Is  the  matching  circuit  loss,  n  Is  the  laser  external  differential 
efficiency  for  one  facet,  Rj  Is  the  photodetector  responclvlty,  oB  Is  the  fiber 
losses,  a,  is  the  fusion  spTIce  losses,  ne  Is  the  laser-fiber  coupling  lost 
and,  aD  Is  the  fiber-detector  coupling  loss,  Ri  and  R.  are  the  load  and  source 
Impedances,  respectively,  and  9}  and  Qj  era  the  gains  of  the  Input  and  output 
ampllflart.  Tha  optical  lost  terms  are  all  squared  In  this  equation  due  to  the 
square  law  detector  which  converts  the  incident  optical  signal  Into  »  currant.  At  a 
consequence,  optical  losses  have  a  greater  Impact  on  the  link  Insertion  loss.  Thu 
values  for  calculating  tha  Insertion  loss  of  the  4.1  -  4.7  9Hz  fiber-optic  link  are 
listed  In  Table  3.  With  tha  laser  Impedance  matched,  tha  Insertion  loss  Is  dominated 
by  n  and  a..  In  this  link  n  was  measured  to  be  0.19  W/A  and  a.  was  measured  to  be 
0.196  ( -7 . lcdB) ,  The  result  Is  a  total  Insertion  loss  of  36.4  dB.  This  was  offset 
by  using  an  amplifier  with  ■  39  dB. 

The  Insertion  loss  can  be  reduced  by  Improved  coupling  between  tha  laser  and  ths 
single-mode  fiber.  Coupling  losses  of  less  than  2  dB  have  been  reported  In  the 
literature  [29],  Assuming  a  2-dB  coupling  loss,  the  Insertion  loss  for  the  RF  link 
would  be  reduced  to  26.3  dB.  With  other  Improvements  In  device  efficiency,  It  Is 
possible  to  reduce  tha  R7  Insertion  lots  to  around  15  dB. 


The  Insertion  lots  of  the  external  modutlon  link  Is  given  by 
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rout 
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where  PnUt,  PIN  are  the  output^nd  Input  RF  power  fevels,  3i,  Gj •  the  amplifier 
gains,  RL,  the  source  and  load  resistance,  V  Is  the  voltage  for  1005  modulation, 
"0  the  optical  power  out  of  the  laser,  «  ,  the  optical  loss  through  the 
modulator,  a.  the  optical  losses  In  the  “Ink  Including  connectors  and  fiber  losses, 
and  Rn  Is  the  detector  rasponslvlty .  Again,  the  optical  terms  are  squared  and  thus 
their  Impact  on  performance  Is  Increased. 


Table  4  gives  the  parameter  values  obtainable  for  the  2-12  GHz  modulator.  Tha 
effective  loos  of  the  link  Is  67  dB.  This  Is  substantially  greater  than  the  loss  of 
the  direct  modulated  link.  However,  It  has  a  much  wider  bandwidth.  This  shows  up  In 
the  value  of  V  which  Is  proportional  to  bandwidth.  Reduction  of  the  loss  can  be 
achieved  most  directly  by  Increasing,  PB,  the  optical  Intensity,  Also,  the  Input 
amplifier  could  have  more  gain  before  the  modulator  saturates  (•>  1  W)  than  Is 
possible  with  the  direct  modulated  link  where  the  laser  saturates  at  a  level  of  1  to 
5  mV  depending  on  the  laser.  Thus,  the  loss  of  the  link  is  an  area  that  should  be 
examined  carefully.  Note,  It  Is  true  that  link  length  Is  not  a  strong  factor  In  the 
loss.  Doubling  from  1  Km  to  2  Km  yields  only  a  1  dB  increase.  This  loss  can  be 
compensated  by  gain  at  shown  In  Figure  1,  but  the  noise  figure  of  the  total  link  will 
depend  upon  where  that  gain  Is  located. 
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Tabic  3.  Measured  Lose  Sat 
4.1  -  4.7  BHz  Link 


Svsibol 

Value 

Matching  Circuit  Losses 

Pm 

0.71 

Source  and  Load  Impedance 

rJ.r, 

50 

Laser  Ext.  Differential  Eff. 

n 

0.19  W/A 

Detector  Responslvlty 

rd 

78  A/W 

Fiber  Link 

a0 

0.750 

Fusion  Spice 

0.966 

Laser-Fiber  Coupling 

*1 

0.196 

Fiber-Detector  Coupling 

0.830 

Amplifier  Gains 

al-«2 

1.0 

Total  Insertion  Loss 

P 

36.4  dB 

Table  4:  Insertion  Loss  Parameters  for  the 
2*12  BHz  External  Modulation  Link 


Symbol 

Value 

Amplifier  Gains 

Source  and  Load 

,Gj 

1 

Resistance 

50  n 

Voltage  for  1001  Modulation 

V*  L 

7.5  V 

Later  Output  Power 

Optical  Loss  through 

po* 

1.5  mW 

Modul ator 

am 

.4 

Link  Optical  Lots 

“L 

.37 

Detector  Responslvlty 

R0 

.6  A/W 

Resulting  Insertion  Lott 

♦  ext 

67  dB 

Signal  to  Noise  Ratio 


Many  noise  lourcsa  contribute  to  tha  overall  signal -to-nol in  ratio.  They 
Include  thermal  noise,  shot  noise,  mode  partition  noise,  ref  lection-induced  noise  and 
relative  Intensity  noise.  For  tha  microwave  fiber-optic  link,  an  optical  wavelength 
of  1.3  um  and  single-mode  fiber  It  used  to  achieve  adequate  RF  bandwidth.  If  this  It 
the  cate,  then  mode  partition  noise  Is  minimal  compared  to  other  noise  sources.  The 
coupling  between  the  laser  and  the  tlngla-mode  optical  fiber  Is  low,  end  reflection- 
induced  noise  Is  nonexistent.  This  was  verified  by  observing  the  noise  floor  at  the 
output  of  the  4.1 -4.7  QHt  link.  Reflection-Induced  noise  manifests  as  periodic 
resonant  peaks  In  tha  noise  floor  which  ware  not  observed.  The  nol sa-to-sl gnal  ratio 
due  to  the  other  three  terms  can  be  written  at 


<1 2  >  1 2  1 2  . 2 
<1n  _  „  <JMN>  +  shot >  +  <llH> 

<1  <1>*~  <1  >  ^  <1  >z 


1  2 

where  <1 >  Is  the  average  dc  output  current  o{2the  photodetector  and  <  RIN  >  is  the 
Relative  Intensity  Noise  current  variance,  <  shot>  is  the  Shot  Noise  current 
variance  and  <  TH>  is  the  Thermal  Noise  current  variance.  The  thermal  noise  current 
variance  and  tha  shot  noise  variance  are  defined  by  the  well-known  formulas 
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where  Ri  Is  the  load  resistance,  B  Is  bandwidth,  K  Is  Boltzman's  constant,  NF  It  the 
post  detection  amplifier  noise  figure  T  It  temperature,  q  Is  electronic  charge;  nn  1* 
detector  quantum  efficiency,  a.  It  opt  1 ce 1  link  lost,  h  Is  Planck's  constant,  v  Is 
the  optical  frequency,  and  P<je°1s  the  dc  optical  power  radiating  from  the  laser 
diode. 


The  RIN  of  the  later  can  bo  the  dominant  noise  source.  At  shown  by  Yamamoto 
[12]. [13],  RIN  Is  dependent  upon  a  number  of  material,  structural,  and  modulation 
parameters  Including  the  ratio  of  laser  dc  bias  current  or  threshold  current  and 
modulation  frequency.  For  highly  biased  lasers,  typical  values  of  RIN  for  BH 
semiconductor  laser  modulated  well  away  from  the  resonance  frequency  It  -160  dB/Hx , 

As  the  resonenee  frequency  Is  approached,  the  RIN  Increases.  For  the  4. 1-4, 7  GHz 
link,  the  RIN  Increased  to  approximately  -136  dB/Hz  [since  it  was  operated  quite  near 
resonance.) 
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Table  5  shows  the  magnitude  of  the  noise  terms  for  the  two  links  discussed 

here.  For  the  direct  modulation  link,  the  dominant  term  Is  the  RIN  at  -59.7  dBm  for 

a  1  MHz  signal  bandwidth.  The  overall  SNR  Is  59.3  dB  and  the  SNR  over  the  600  MHz 
wide  passband  Is  32  dB.  The  RIN  noise  could  be  reduced  If  the  link  was  operated  at  a 

frequency  range  farther  from  the  laser  resonance,  resulting  In  a  thermal  noise 

limited  link  with  an  SNR  of  70  dB  for  a  1  MHz  bandwidth.  For  the  external  modulation 
link,  the  SNR  is  53  dB  for  a  1  MHz  bandwidth  signal.  Hare  the  dominant  term  Is  the 
thermal  noise  of  the  receiver,  This  Is  because  the  Increased  optical  throughput  loss 
results  In  a  lower  light  level  received  by  thu  detector  driving  the  shot  noise 
down.  The  RIN  noise  is  lower  because  the  laser  Is  oparatln"  CH  and  the  value  used 
for  the  noise  level  assumes  that  the  operation  Is  at  frequencies  wall  away  from  the 
laser  resonance.  This  lavel  will  Increase  for  the  portion  of  the  link  bandwidth  that 
correspond*  to  the  resonance  frequency  of  the  laser,  Notice  that  for  tht  full 
bandwidth  of  the  link  (2-12  GHz)  the  SNR  Is  1?  dB.  However,  no  known  system 
processes  10  GHz  bandwidth!  without  reduction  of  tha  bandwidth  lomewhera  In  the 
signal  processing.  Thus  the  actual  SNR  would  depend  upon  the  actual  processor 
bandwidth. 

Linearity 

Non-Linearities  and  distortion  trs  two  performance  parameters  that  are  crucial 
In  detarmining  the  utility  of  an  analog  link  for  most  military  applications.  Thtss 
non-linearities  result  In  tha  generation  of  harmonics  and  Intsrmodulatlon  products. 
Tha  nonllnaarlttas  of  a  fiber  optic  link  are  generated  In  tha  tourea  module  and 
potentially  In  any  amplifiers.  Thus  the  performance  of  the  leter  or  the  externel 
modulator  mutt  be  examined  to  determine  harmonic  end  intermoduletlon  signal  levels. 

For  direct  modulation  sources,  maasursmsntt  at  TRW  [15]  and  Stubjalr  at  al.  [16] 
Indicate  that  tha  primary  causa  of  these  nonllnearltlet  Is  tha  later  photon-electron 
Interaction.  Tha  values  at  tha  harmonics  and  Intermoduletlon  products  are  ilmllar  to 
those  observed  In  microwave  link*  even  though  they  were  measured  for  modulating 
fundamental  frequencies  of  below  1  GHz.  These  measurements  indicate  that  the  laser 
diode  acts  to  a  first  approximation  11k*  a  simple  nonlinearity  without  memory. 

To  model  the  nonlinearity ,  tha  modulation  response  of  tha  later  Is  charactsrl zed 
by  i  set  of  rate  equations,  However,  these  are  solved  usually  by  a  linearization 
process  that  gives  the  small  signal  response  but  does  not  result  In  any  data  on  non¬ 
linear  response.  Analysis  of  the  largs  signal  responis  (required  to  yield  the 
nonllnearUlas)  In  generality  Is  beyond  the  scope  of  this  papsr.  However,  such  an 
analysis  for  a  1,3  urn  BH  laser  was  performed  on  a  minicomputer.  Numerical  mathoda 
must  be  applied  because  thars  are  no  explicit  solution*  to  tha  rata  aquatloni  and 
numerical  methods  must  be  applied.  Preliminary  results  show  that  harmonic  distortion 
Is  comparable  to  experimental  obaarvatlons,  A  typical  largt  signal  harmonic  rasponie 
Is  shown  In  Flgura  5.  At  expected  tha  tacond  and  third  harmonics  Incrsasa  with 
increasing  modulation  Index,  with  the  second  harmonic  Increasing  qusdratlcsl ly  and 
the  third  harmonic  as  a  cube  of  tha  modulation  Index. 

Many  direct  modulation  links  are  passband  links  with  bandwidth!  of  on*  octave  or 
lest  at  a  consequence  the  harmonics  can  ba  filtered  since  they  fall  out  of  band,  Tha 
4.1  to  4.7  GHz  link  hat  a  2nd  harmonic  tupprastlon  of  62  dB  which  rasultad  primarily 
from  the  roll  off  of  the  amplifier  In  tha  receiver.  In  narrow-band  communication 
links,  tna  two-tone  third-order  Intermoduletlon  products  IMP  era  tha  primary  measure 
of  the  link  linearity.  This  Is  bactust  theae  preducts  are  within  the  link  passband 
while  tha  harmonics  are  typically  out-of-band.  The  IMP  level  Is  typically  measured 
by  adding  two  equal  power  RF  signals  at  cloialy  spaced  frequencies  f,.  U  the  IMP 
level  by  a  power  combiner  and  Injecting  the  composlti  signal  Into  thl  optical  link. 

At  tha  laser  diode  la  a  nonlinear  device,  Intermoduletlon  overtones  will  appear 
at  f, ’+  f«,  2f,  -  f*  ,  and  2f«  -  f.  along  with  the  harmonics  generated  by  each  of 
tha  fundamental*. 

Calculation  of  the  intermoduletlon  products  Is  ctrrlad  out  In  tha  same  manner  ai 
for  the  harmonic*.  Tha  specific  values  of  tha  paramatars  depand*  upon  the  type  of 
line  used.  Flgura  6  ahowt  experimental  data  for  tha  4.1  -  4.7  GHz  link.  Th*  two- 
tonas  were  separated  by  .5  MHz  at  4.700  GHz.  From  this  plot  tha  third  order 
Intercept  which  It  8  dBm  can  ba  obtained. 

In  an  externally  modulated  fiber  optic  link,  the  largeat  source  of 
nonllnearltlet  will  ba  the  power  preamplifier  and  tha  Mtcn-Zahndar  L1Nb03 
modulator.  Tht  powar  preamplifier  to  get  any  substantial  modulation  Index  In  tha 
external  modulator  typically  haa  to  ba  driven  to  that  tha  output  signal  Is  near  tha  1 
dB  compreaalon  point.  Amplifier*  operating  In  this  mod*  have  rather  high  harmonics 
and  third  Intermoduletlon  products.  These  raault  in  a  limitation  on  linearity.  Th* 
nonllnaarltlat  In  tha  Maoh-Zehndtr  modulator  are  caused  by  the  large  signal  optic 
intensity-voltage  responae  relationship.  This  relationship  Is  Independent  of  optical 
wavelength. 

It  has  bean  shown  that  an  Intensity  modulated  traveling  wave  modulator  has  a 
voltage  optical  Intensity  relationship  that  can  ba  expressed  as 


I  »  1 0  c  o  s 
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Table  S:  Magnitude  of  the  Noli*  Factor 
In  SNR  Perforaance 


Direct  Modulation 


External  Modulation 
(1.4  mW  Sourca) 


Noli*  Bandwidth 
Output  level 
Thermal  Nolsa 
Shot  Noll* 

Laiar  RIN 

SNR  at.  output 

SNR  ov*r  link  Bandwidth 


1  MHl 
0  dBm 
-70.8  dBm 
-75.8  dBm 
-69.7  dBm 
59.3  dB 
32  dB 
(600  MHz) 


1  MHz 
0  dBm 
-53.6  dBm 
-64 .9  dBm 
-66.0  dBm 
53.0  dB 

13.0  dB( 10  8Hz ) 


In  thli  expression,  I0  It  th*  Input  optical  power  Intenilty,  V  Is  th*  Input  voltage  to 
th*  modulator,  V  1*  th*  voltag*  required  to  achieve  a  »  optical  phase  shift,  4  It  the 
static  blai  phase  shift  and  I  Is  the  modulated  optical  power. 

If  w*  assume  V  It  the  result  of  two  tones  and  given  by  V  ■ 

V  (cos  u,t  +  cos  uLt)  then  this  relation  ean  be  expanded.  By  collecting  terms  at  the 
same  frequencies,  Rxpreeslons  are  obtained  for  the  principal  non-linear  terms.  In  this 
expression  there  are  no  second  order  terms  so  th*  first  terms  are  th*  third  harmonle  and 
th*  third  order  Intermodulatlon  products. 


Th*  distortion  at  th*  output  of  th*  detector  due  to  harmonic  generation  can  be 
expressed  at 
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3rd .Harmonl  c 


20  log 


_2„2 

fll  W 


96 
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and  th*  distortion  due  to  third  Intermodulatlon  products  ean  be  expressed  at 


°3rd , IMP 


20  log 


m2t2 


32  -  3m  * 


T7 


A  graph  of  these  expressions  for  varying  modulation  depth  Is  shown  In  Figure  7.  At  can 
be  seen  In  this  figure,  th*  third  Intermodulatlon  product  distortion  Is  10  dB  higher 
than  th*  harmonic  distortion. 


Spurious  Response  of  Externally  Modulated  links 

Spurious  signals  In  th*  patsband  of  th*  fiber  optic  link  can  lead  to  a  degradation 
of  system  performance.  By  definition,  these  signals  cannot  be  attributed  to  signals 
caused  by  harmonic  or  Intermodulatlon  dl stortl on .The  primary  sources  for  spurious 
signals  and  for  an  externally  modulated  link  will  be  th*  relative  Intensity  noise  of  an 
Injection  laser  diode.  It  can  be  assumed  that  th*  other  components  do  not  cause 
spurious  signals  as  they  have  a  transfer  function  that  can  be  closely  approximated  by  a 
simple  polynomial  and  therefore  only  generate  harmonics  and  Intermodulatlon  products. 

For  example,  th*  external  modulator  and  th*  RF  amplifiers  have  third  order 
nonllnearltles  and  therefor*  can  be  approximated  by  a  third  order  polynomial. 

Th*  Injection  laser  diode  hat  a  non-uniform  AM  noise  spectrum  at  originally  shown 
by  Jacket  at.al.C17].  This  noise  floor  Is  optical  power  dependent  and  has  a  shape  that 
follows  th*  laser  modulated  optical  frequency  response  and  peaks  at  the  laser  resonant 
frequency  after  which  It  dacllnet  rapidly.  This  peak  Is  as  much  as  ’.u  dB  abov*‘the 
laser  low  frequency  RIN  component.  Therefore,  In  th*  wideband  externally  modulated 
link,  there  should  be  a  10  dB  rise  In  the  noise  floor  In  th*  frequr.ncy  region  of  3-  to 
5-  GHz  for  a  laser  noli*  limited  system.  This  artifact  could  contribute  to  a  decline  In 
th*  SNR  In  this  region  If  RIN  Is  the  dominant  noise  source. 

The  other  source  of  spurious  signals  are  optical  reflections  back  Into  the  laser 
diode.  These  reflections  generally  originate  from  optical  discontinuities  such  at 
optical  connectors  and  external  modulator  Interfaces.  These  discontinuities  create 
extra  Fabry-Perot  laser  cavity  with  the  HD  resulting  In  large  noise  spikes  In  th*  laser 
noise  floor.  Depending  on  th*  strength  of  th*  optical  feedback,  spikes  as  large  as  15 
dB  can  appear  In  the  shot  noise  floor  of  th*  photodetector  at  regular  Intervals 
Independent  of  th*  modulated  signal.  Because  of  th*  low  laser  to  fiber  coupling 
efficiency  this  effect  was  not  teen  In  the  4. 1-4, 7  GHz  link. 

6.0  Dynamic  Rang* 

Th*  dynamic  range  of  th*  fiber  optic  link  Is  a  measure  of  th*  variation  of  signal 
levels  that  can  be  carried  by  th*  link.  Typically  It  Is  defined  at  the  ratio  of  th* 
fundamental  output  to  th*  third  order  Intermodulatlon  product  (IMP).  But  since  the  IMP 
level  decreases  fatter  than  th*  fundamental,  reduction  of  th*  Input  level  yields  any 
value  of  dynamic  range  required.  However,  as  th*  Input  signal  Is  decreased  the  signal 
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to  noise  ratio  also  decraasas.  Because  the  noise  out  of  the  link  Is  constant  for  a 
specific  noise  bandwidth,  there  Is  an  Input  signal  level  at  which  the  IMP  level  matches 
the  noise  floor  and  at  that  Input  level  the  dynamic  range  Is  maximized.  Hence,  the 
definition  used  here  Is  the  dynamic  range  Is  the  level  of  IMP  suppression  achieved  when 
that  level  equals  the  link  signal  to  noise  ratlo^ 

For  example,  figure  6  plotted  the  IMP  suppression.  Also  shown  Is  a  line  Indicating 

the  noise  level  for  a  1  MHz  noise  bandwidth.  As  Indicated,  the  dynamic  range  obtained 
Is  44  dB  where  the  IMP  line  Interacts  the  noise  floor. 

An  alternative  definition  of  dynamic  range  Is  the  range  of  power  levels  between  the 
noise  floor  and  the  point  at  which  the  link  gain  exhibits  1  dB  of  compression.  This 
definition  applies  to  systems  when  only  1  signal  Is  present.  The  resulting  value  Is 
typically  higher,  but  If  more  then  one  signal  Is  expected  It  does  not  Indicate  whether 
tne  output  signals  can  be  distinguished  from  harmonic  and  IMP  spurs.  Consequently  this 
deflntlon  is  not  generally  useful. 

Summary  and  Conclusion 

RF  Analog  Fiber  Optic  Link  technology  Is  reaching  the  level  of  maturity  that 

application  to  new  systems  and  retrofit  Into  existing  systems  Is  becoming  a  reality.  In 

order  for  this  to  occur,  the  fiber  optic  engineer  hat  to  provide  dats  to  the  systems 
engineer  that  can  be  used  to  carry  out  the  system  design.  This  paper  hat  discussed 
several  of  those  parameters  and  described  the  functional  relationships  between  the 
elements  of  the  link  and  Its  performance.  The  parameters  considered  were  Insertion 
loss,  signal  to  noise  ratio,  linearity  and  dynamic  range.  At  examples,  measured  data 
for  a  4,1  •  4.7  0Hz  direct  modulation  link  and  tha  design  data  for  a  2  -  12  BHz 
externally  modulated  link  was  presented. 

These  links  show  performance  that  can  be  readily  applied  to  numerous 
applications.  New  research  Is  resulting  In  higher  frequency  sources  and  widen  bandwidth 
links.  Moving  there  devices  from  the  laboratory  to  system  applications  requires 
complete  characterization  and  a  thorough  understanding  of  the  requirements  and  of  link 
performance. 
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Flaure  3.  Pr 1 nc 1  pa  1  Component*  of  the  4.1-  to 
4.7-  0Hz  Fiber-Optic  Link 


Figure  4.  Schematic  of  External  Modulation 
Fiber  Optic  Link 


Calculated  Harmonic  Response  using  Large  Signal  Laser 
Modal.  As  expected,  the  third  harmonic  reapome  Increased 
more  quickly  with  Increaalng  modulation  Index  than  the 
second  harmonic. 


Figure  5. 
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DISCUSSION 


C.G«e,  US 

What  laser  did  you  use?  Did  you  observe  optical  feedback? 

Author's  Reply 

The  laser  was  an  Itachi  laser  operating  at  1 .3  pm.  We  didn't  see  any  significant  effects  of  optical  feedback  in  the  noise 
performance. 


B.Schw«derer,  Oe 

The  RF-perfomtance,  expecially  the  harmonic  suppression  depends  mainly  on  the  laser  diode  used!  did  you  measure 
several  different  lasers  to  this  respect? 

Author’s  Reply 

We  have  looked  at  a  couple  of  other  lasers  and  have  seen  similar  results. 


J.Dakln,  UK 

(1)  Can  you  account  for  the  reason  why  the  optical  feedback  from  the  fibre  did  not  affect  the  harmonic  distortion  and 
noise  figure?  (2)  What  was  the  noise  equivalent  power  of  the  optical  receivers  used? 

Author's  Reply 

(1)  The  coupling  of  the  laser  light  into  the  fibre  is  low  and  hence  In  all  likchood  very  little  reflected  light  getting  back  to 
the  laser.  (2)  We  measure  a  noise  level  in  dBm/unit  bandwidth  and  without  a  calculator  I  can't  quickly  convert  to  a  noise 
equivalent  power. 
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8UHMARY 

Tha  performance  of  a  fiber-optic  transmission  ayatam  ia  effected  by  nuclsar 
radiation.  This  paper  diseuesaa  tha  nuclear  acanarlo  via  a  via  tha  terrestrial  network, 
identifies  tha  aaaantlal  oharaetariatlea,  and  on  thl*  baala  darlvaa  tha  principles  for 
tha  daaign  of  a  strategic  oonnunloation  flbar-optie  eabla  ayatan.  Tha  dataila  of  a 
float  analysis  applleabla  to  various  acanarloa  ara  alao  givani  tha  coata  of  aaeh  acanarlo 
ara  conparad  with  thoaa  of  a  microwav*  llna-of-alta  ayatan  of  approximately  tha  aana 
eapaolty . 


1.  INTRODUCTION 

Tha  aocaptanea  of  flbar  optic  cablaa  by  tha  world  telephone  and  telegraph  autho- 
rltlaa  aa  tha  naw  nadlun  for  all  form  of  nodarn  oonnunloation  la  aa  alinlfloant  today  aa 
waa  tha  Introduction  of  coaxial  oabla  and  nlcrowava  radio  ralay  trananiaalon  In  tha  aarly 
1980a.  Thla  development  will  obvloualy  affect  military  oonnunloation  natworki,  not  laaat 
aa  a  oonsaquane*  of  tha  euperluc  aurvlvab 11 Ity  and  coet-ef faotlva  charaotarlatloe  of 
optical  tibara. 

Thla  report  la  a  by-product  of  an  ETC  atudy  of  flbar  optica  which  ravlawad 

.the  taehnology,* 

.tha  oott, 

.the  aultablllty  and  parformanoa  under  varloua  threat  altuatlona, 

.tha  survivability .  availability  and  nalntainablllty • 

Tha  atudy  yielded  favourable  raaulta  with  regard  to  tha  maturity  of  tha  tech¬ 
nology,  tha  coat,  ita  aultablllty  In  conventional  and  nuelaar  threat  altuatlona  and  Ita 
reliability,  availability  and  maintainability. 

For  thla  praaent  eympoalun,  tha  atudy  finding*  In  raapect  of  suitability  and  coat 
ara  oonaidarad  tha  moat  Interesting  and  appropriate)  and  consequently  tha  dominant 
emphasis  of  tha  paper  la  on  tha  affaeta  of  nuclaar  radiation  and  on  coat  Impl icat Iona . 

Tha  data  uaad  to  develop  tha  radiation  scenario  vara  dtrivod  from  tha  open  liter¬ 
ature  (Ret.l  -  whioh  dataila  tha  raaulta  of  nuclaar  testa  conducted  by  tha  US  Department 
of  Defense),  aa  wars  dataila  of  tha  affanta  of  radiation  on  flbar  optica  (Rat.  2  to 


Although  tha  technical  data  for  tha  basic  of  tha  report  ara  available  In  tha  open 
literature,  tha  price  data  for  tha  coat  atudy  wars  obtained  from  a  number  of  manufac¬ 
turers.  Tha  coat  aatinataa  ara  tor  a  long-distance  natwork  with  repeaters  apacad  at  80 
to  100  km  and  a  tranamiasion  capacity  of  8  to  30  Mbit/a.  Tha  resultant  coat  modal  has 
yielded  coat  estimates  for  acanarloa  likely  to  be  encountered  in  a  natwork  spread  over  a 
large  geographical  area.  Tha  raaulta  show  that  fiber-optic  communication  systems 
ara  mors  than  competitive  with  microwave  tarraatrial  systems. 

2.  THE  EFFECT  OF  NUCLEAR  RADIATION  ON  OPTICAL  FIBERS 

2.1  NUCLEAR  IOENARIO 

Tha  explosion  of  a  nuclaar  weapon  gives  rise  to  tha  emission  of  various  nuclaar 
radiations,  consisting  of  nautrona,  gamma  raya  and  alpha  and  bata-particlaa .  Moat  of  tha 
neutrons  and  part  of  the  gamma  raya  ara  emitted  aa  a  result  of  cha  fission  and  fusion 
react  ions (  l.a.  simultaneously  with  tha  explosion.  Both  types  of  raaotion,  although 
different  In  their  characteristics ,  give  rise  to  radiations  that  travel  conaidarabls 
distances.  Of  specific  interest  hare  ara  tha  gamma  ray*  and  neutron*  which  produce 
harmful  affaeta  In  living  organisms  and  alao  influence  semiconductors  and  optical  fiber*. 
The  ramalndar  of  the  gamma  ray*  era  produced  In  tha  secondary  nuclaar  proeaa*.  The 
rang**  of  tha  alpha  and  beta  particle*  ara  comparatively  short  and  not  oonaidarad  to  ba  a 
threat . 

Because  of  the  nature  of  tha  asaociated  phenomena,  nuclaar  radiation*  ara  divided 
Into  two  categories!  Initial  nuclaar  radiation  and  residual  nuclear  radiation. 

Initial  nuclear  radiation  consiat*  of  gamma  ray*  and  neutron*  ptoducad  during  a 
period  of  on*  minute  after  a  nuclaar  explosion.  Thty  rtech  very  high  intensity  nesr  the 
sero  point  but  ettenuate  rapidly  with  distance  bacauaa  of  the  Inverse  square  law  and  the 
high  atmospheric  attenuation.  Typloally,  a  radiation  intensity  of  about  10,000  rad  at 
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2  km  Cron  mo  point,  produced  by  a  1  nogaton  exploaion,  will  reduce  to  about  30  rad  at 
3.6  kn,  and  therefore  doe*  not  preeent  a  najor  threat  to  a  long-dietance  network. 

The  reeidual  nuclaar  radiation  ie  that  which  it  emitted  later  than  1  minute  from 
the  inatant  of  exploeion.  The  main  contribut lone  are  provided  by  the  fallout  from  the 
eurface  material  tucked  up  aa  the  fireball  rite*  into  the  air,  debria  from  the  weapon, 
and  the  radioactivity  induced  by  the  interaction  of  neutron*  with  variout  elament*  in  the 
exploaion  environment.  Thate  debria  are  carried  by  the  wind  and  tpread  over  a  wide  area 
and  poee  a  major  threat  to  any  atrategic  communication  network.  In  the  1934  BRAVO  Teat 
(Rig.  1),  conducted  at  Bikini  Atoll  with  a  yield  equivalent  to  15  magatone  of  TNT,  a 
radiation  fallout  of  100  rad  waa  monitored  at  a  diatance  of  300  km  downwind  from  the 
exploaion.  The  reeidual  nuclaar  radiation  ia  a  maximum  when  the  nuclear  exploeion 
happane  on,  or  near,  the  land  aurfaca. 

In  general,  nuclear  radiation  ia  rapidly  attenuated  by  ehielding  material.  Table  1 
ahowe  the  tranamiaeion  attenuation  factor  for  objaote  burled  3  feat  underground  and, 
for  eompariaon,  thoae  for  varioue  forma  of  building  material  for  initial  and  reeidual 
nuclaar  radiation. 


Tab  la  1 

Doee  attenuation  factore  for  varioue  atructuraa 


Structure 

. .  1  . .  —  1 

Init ial 

gamma  ray  a 

Neutron* 

Raa idual 

gamma  rays 

Underground  (depth;  3  ft) 

Houee 

Baa erne nt 

250-300 

1-1.25 

1.66-10 

100-230 

1.23- 3.33 

1 . 23- 10 

3000 

1.66-3.33 

10-20 

Concrete  blookhoua*  ahelteri 
9-in.  wall* 

12-in.  walla 

24-in.  wall* 

5.10 

10-20 

30-142 

2- 3.33 

2.5-3 

3- 10 

11.1-142 

33.3-1000 

300-10000 

Shelter,  partly  above  ground; 
with  2  ft  earth  cover 
with  3  ft  earth  cover 

14.2-35.3 

50-142 

12.3-50 

20-100 

30-200 

200-100 

2.2  THE  IMPACT  ON  FIBER  OPTIC  CABLES 

The  primary  affect  of  nuclear  radiation  ia  tn  produce  a  darkening  centre  within 
the  atrurtur*  of  the  optical  fiber.  The  darkening  effect  ia  cauead  by  the  formation  of 
charge  trape  that  abaorb  and  ecattar  the  incident  light.  The  charge  trxpe  are  formed 
when  alectrona  are  raiead  to  the  conduction  band  by  abaorption  of  nuclear  radiation. 
After  the  aouroe  of  radiation  la  removed,  aoma  of  the  electron  and  hole  pair*  diaappaar 
by  recombination  or  by  returning  to  their  original  elate*;  other*  are  trapped  by  im- 
puritiee  and  defect*  in  the  cor*  material.  The  lifetime  of  the  darkening  centre* 
depend*  on  how  readily  the  trapped  charge  can  tunnel  from  the  trap  or  be  thermally  or 
optically  freed. 

The  darkening  centre*  produce  an  induced  attenuation  in  the  fiber*,  which  pro- 
greaaivaly  reduce*  after  the  aource  of  radiation  ia  removed,  but  which  may  or  may  not 
return  to  the  original  atat*.  The  magnitude  of  the  induced  loaa  effect  at  a  given  time 
depend*  on  the  nature  of  the  radiation,  it*  total  level  and  rat*  of  application,  the 
wavelength  of  obaervation,  the  competition  of  the  glaaa,  the  temperature  and,  in  torn* 
caeca,  the  pravioua  hiatory  of  the  material  and  the  optical  power  fad  to  the  fiber. 

A  compendium  of  tha  radiation  induced  lota  in  tevtral  type*  of  fiber*,  irradiated 
with  different  cobalt  60  dot**,  la  ehown  in  Fig,  2  (Ref.  2).  Included  aret  a  compound 
glaaa  fiber  (Pb  ailicate),  plaetic-clad  fiber  with  different  cor*  material  (T06  i.a. 
quart*);  aupraail  W-l  ,  apectroail  A;  aupraeil  1  and  aupraail  2  (i.a.  high-purity  ayn- 
thatic  fuead  eilica);  and  garmanlum-doptd  ailica  cor*  fibtr.  Many  intareating  obaer¬ 
vation*  can  be  mad*  but  two  are  of  aptcial  importance.  Firatly,  there  ia  a  correlation 
between  the  level  of  radiatlon-lnducad  loaa  and  the  lntrinaic  material  loaa.  Fiber* 
with  higher  loaa  have  a  higher  radiation  aeneitivity,  which  ia  probably  due  to  the 
higher  Impurity  concentration.  Secondly,  po lyma r c o a t ed  fuaei  ailica  fiber*  ahow  a 
aaturating  behaviour  aunh  that  after  a  certain  dote  their  reapona*  become*  extremely 
aaturatad;  other  fiber*  tend  not  to  aaturate  and  ehow  a  fairly  linear  behaviour. 

After  irradiation  a  certain  amount  of  recovery  it  obaerved  (Fig.  3).  The  extent 
of  th*  recovery  teem*  to  depend  upon  the  nature  and  concentration  of  impuritiee  in  the 
ailica.  It  can  be  teen  that  T08  fiber  ha*  tub  a t ant ial ly  greater  recovery  than  aynthatic 
ailica,  while  little  recovery  le  ehown  by  (Oe)-doped  ailica.  Th*  recovery  time  thould 
improve  when  th*  ayatem  ia  in  operation  and  optical  power  it  being  propagated  through  th* 
fiber  (Ref.  3). 
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Boron  (B)  and  phoaphoroua  (P)  doping  are  often  uaed  to  improve  the  tntrinaic 
properties  of  the  waveguide,  but  they  aiao  affect  the  radiation  aenaitivity  of  the  fiber 
(Ref.  3).  (B)-doping  reaulta  in  increaaad  tranaiant  damage,  more  induced  abiorption  at 
long  vavelengtha  and  much  higher  loaa  at  low  temperature  (Ret.  4).  (P)-doping,  while 
auppreaaing  the  trrnaient  indirect  loaa,  draar.ically  increaaea  the  permanent  damage, 
aapecially  at  longer  wavelangtha  (Ref.  6), 


The  radiation-induced  loaa  ia  wavelength-dependent  (Ref.  7).  Figure  4  ahowe  the 
raault  for  fibera  produced  by  three  different  menuf acturara .  The  induced  radiation  for  a 
given  doae  ia  3  to  10  tlmaa  lower  at  1.3  pm  than  ot  0.83  pm.  The  performance  of  the 
Philipa  fiber  at  0,83  pm  and  1.3  pm  ia  conaidarably  euperior  to  that  uf  the  other  two. 
It  ia  very  oncouraging  that  the  attenuation  of  the  Philipa  fiber  at  1.3  pm  increaied  by 
only  l.SS  dB  (per  km)  for  3  krad  and  returned  to  within  0.2  dB  of  the  original  atten¬ 
uation  within  an  hour. 


However,  the  r ad i a t ion- indue  ad  loaa  ia  alao  temperature  dependent,  aa  ia  the 
recovery  time  (Ref,  8),  The  loaa  and  the  recovery  time  are  greater  at  lower  tempara- 
turea,  but  if  the  ceblee  are  buried  underground  there  ia  very  little  temperature  var¬ 
iation  and  to  the  effect  ia  minimal. 


Optical  fibera  with  high  immunity  to  nuclear  radiation  have  bain  developed  for 
tactical  eyateae,  but  aa  they  have  vary  high  Intrinsic  attenuation  they  are  economically 
unacceptable  in  atrat.egic  oommunic  at  ion  networka. 


At  preaent,  conaidarabla  reaearch  effort  it  being  devoted  to  tranamieaion  in  the 
infra-red  region,  where  the  attenuation  will  be  of  the  order  of  0.01  dB/km.  It  ia  a 
rather  fortunate  coincidence  that  fibera  at  thaea  wavelength!  are  ahowing  a  high  degree 
of  inaenaitivity  to  radiation.  Fibera  baaed  on  the  f luorohafnate  or  f luoroelrcona t a 
glaaaea  thaw  particular  proaiae  (Ref. 9).  Figure  3  ahowa  the  effect  of  radiation,  end  the 
meaaurament  of  incremental  loaa  aa  a  function  of  wavelength,  for  a  bulk  aampla  of  a  few 
millimetare  path-length.  Whilet  it  ia  not  yet  clear  exactly  which  mechaniama  are  oper¬ 
ative,  there  ia  an  obvioue  potential  for  fiber  operation  in  the  2.3  tn  4  nm  wave  band, 
where  incremental  loaaee  are  aero  far  doee  ratea  aa  high  aa  43  Mrad, 

2.3  SUMMARY 

1,  The  attenuation  of  optiual  fiber  incraeaee  rapidly  when  it  la  axpoaed 
to  neutron  and  gamma  radiation,  but  it  may  or  may  not  return  to  the 
original  atate  after  the  radiation  aource  ia  removed)  generally  it  la 
aomewhat  vorae. 

2,  Becauaa  of  the  large  n.uubar  of  variablea  which  affect  the  charaeter- 
iatica  of  the  fiber,  radiation  charactariatiee  of  varloua  manufacturer  a ' 
fibera,  even  when  uaing  the  aame  compoeition,  vary  conaidarably.  Con- 
aequantly,  it  ie  difficult  to  formulate  or  predict,  with  any  raaaonable 
level  of  certainty,  the  ch ar ac t er i a t ic a  of  the  fiber  when  axpoaed  to 
rad iat ion . 

3,  The  induced  attenuation  ia  wavelength-dependent  and  ia  a  factor  of  3 
to  10  tlmaa  lower  at  1300  nm  than  870  nm ;  the  reaulta  at  1330  nm  are 
aomewhat  worae  than  1300  nm  depending,  on  the  compoeition. 

4,  Fibera  with  low  intrlnaic  attenuation  alto  tend  to  offer  lower  radiation 
aenaitivity . 

3.  The  gamma  and  neutron  radiation!  attenuate  rapidly  whan  travelling  thro¬ 
ugh  high  denaity  material  i.e.,  toil,  concrete,  etc. 

6,  In  atrategic  networka,  fiber  optic  cablet  would  require  external  protect¬ 
ion  againat  radiation,  i.e.,  cablet  ehould  be  buried. 

It  ia  evident  that  a  nuclear-hardened  fiber-optic  cable  euitable  for  long-dlctance 
tranamieaion  it  not  available  at  preaent.  Neverthei eat ,  with  a  carefully  ealected  cable, 
which  would  be  buried  underground,  it  ia  poeaible  to  daaign  a  atrategic  eoitaiunicationa 
fiber-optic  cable  ayatem  auch  that  when  operating  at  1300  nm  or  1330  nm  wavelength  with  a 
good  attenuation  margin  it  will  be  aurvivable  in  a  nuclear  acenarlo. 

3.  COST  ANALYSIS 

The  objective  of  coat  enalyaia  atudlaa  ie  to  make  a  proper  evaluation  of  the  coat 
impacta  of  varloua  altarnativa  actiona.  Generally,  the  planning  period  extenda  a  long 
period  of  time  into  the  future.  Becauae  many  of  the  coat  element!  are  influenced  by 
aaaumptiona  and  judgment!,  it  ia  important  that  the  nature  of  the  coat  and  the  beaic 
rulea  governing  the  compariaona  are  wall  underatood.  The  coat  componenta  to  be  con- 
aidered  in  the  initial  inveatment  coat  ahould  Include  the  coat  of  the  equipment,  initial 
aparea,  freight,  ineurance,  inat al la t ion ,  commiaa ioning ,  engineering,  training,  lend, 
right-of-way,  documantat  lot.  etc. 

Caution  ahould  be  obeaivad  in  baaing  the  choice  on  initial  inveatment  coata  alone, 
becauae  one  of  the  daaign  objective!  of  new  planta  ia  frequently  the  reduction  of  opar- 
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at  ion  and  aupport  coat.  Often  this  raduction  1a  achieved  through  higher  initial  invest¬ 
ment  coet  due  to  acquisition  of  more  robuet,  high-quality  equipment.  Although  auch 
equipment  may  be  more  axpenaiv*  in  initial  coet,  it  can  prove  to  be  more  economical  in 
the  long  term  due  to  longer  life,  fever  operator*,  lower  maintenance  and  ltea  running 
coata . 


3.1  COST  MODULI 

A  block  achamatic  of  a  typical  optical-fiber  eyutem  it  thovn  in  Fig.  6. 

The  coat  conaidared  her*  it  the  initial  invaatment  coat,  and  it  calculated  for  a 
tranamiaaion  link  from  bataband-to-baaeband  level  at  tha  terminal  atationa. 

/ 

In  order  to  facilitate  the  coat  calculationa  for  different  teanarioa,  and  to 
eneure  that  all  conatltuant  parta  of  tha  initial  invaatment  coat  are  included,  tha  coat 
alamentt  are  broken  down  into  email  unite. 

Tha  unit  coct  uaad  in  tha  calculation  i*  the  average  of  commercially  furniahed 
data  auppliad  by  a  number  of  manufacturera  in  weatern  Europe,  and  exprteeed  in  Dutch 
Guilder*  (do)  and  international  Accounting  Unit*  (IAU)  at  the  ourrent  rate.  Price* 
include  all  overhead  coata  (i.*.,  freight,  atoraga,  travel,  inaurance,  etc.)  unleta  ahovn 
ae  a  aeparata  coat  item.  Tha  unit  coat  eatimatea  are  for  a  ayetam  length  of  about  100 
km,  but  rate*  could  be  lower  for  a  larger  contract.  However,  ratea  would  increaaa 
appreciably  becauaa  of  fixed  overhead  coat,  if  tha  contracted  rout*  length  were  to  ba 
very  much  amaller. 

3,1,1 . Aaeumot Iona 

For  the  coating  proceaa,  the  condition*  and  aaaumptiona  were  aa  follow*: 


(1)  Syatam  length:  100  km 

(2)  Data  bit  rate:  8  Mbit/a 

(3)  Number  of  fiber*:  4 

(4)  Byatem  configuration:  1+1  hot  *tand-by 

(5)  Diatancc  between  repeater*:  30  km 

(6)  Power  feeding  tor  intermediate  repeater  from  one  of  tha  terminal*  on 
a  pair  of  copper  wire* 

(7)  Terminal  equipment  inetalled  directly  inei'd*  the  communication  centra. 
3. 1,2. Coet  element* 


Excavation  for  trench**  (ploughing)  100  km 

Fiber  optic  cable  (4  paira)  100  km 

Power  feed  cable  30  km 

Number  of  joint*  43 

Number  of  eurg*  protector*  (EMP)  43 

Number  of  terminal  joint*  4 

A* turning: 

water  croeaing  (2  x  10  m)  20  m 

main  road  crotalng  (4  x  10  m)  40  m 

railway  eroaaing  <4  x  10  m)  40  m 

culvert  eroaaing  30  m 

Line  terminal  equipment  2 

Line  terminal  Ex  and  Tx  (1300  nm)  2 

intermediate  underground  equipment  repeater  cate  2 

Both-way  8  Mbit/a  (1300  nm)  repeater  unit  2 

Centraliaed  aupervleory  equipment  1 

Remote  line  power  tupply  equipment  1 

Hot  ttand-by  1+1  twitching  unit  2 

Installation  (percentage  of  the  equipment  coat)  23X 

Teat  and  commiaaion  10% 

Teat  equipment  15% 

Spare  parta  15* 

Codification  1% 

Training  7, IX 

Documentation  l, it 


3.2  COST  ESTIMATE 


The  coat  eatimatea  for  various,  apeclfic  scenario*  are  given  in  Table  2. 
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Coat  eoliraatee  for  specific  scenarios 


Characteristic 

feature 

Estimate 

DO  IAU 

100X  soft  soil 

2,713,300  333,300 

SOX  soft,  48X  hard,  and  2  X  rock 

3,473, 300  429 , 30(1 

95X  hard  and  SX  rock  soil 

4,923,500  330,800 

7SX  hard  and  2S  rock  toil 

3,413,300  609,000 

FO  cable  installed  on  HVO  cables 

3,490,000  431,300 

Additional  cost  for  34  Mbit/a  system 

43,000  3,300 

5.3  COMPARATIVE  EVALUATION 

Coat  comparisons  between  fiber-optic  and  LOS  microwave  transmission  systems  for 
varioua  scenario*  ara  ahown  in  Fig.  7,  and  ahould  ba  aaan  in  tha  light  of  tha  accaptad 
"norm-of-error"  in  any  coat  aatlaation  atudy.  Tha  coat  estimates  for  tha  LOS  microwave 
systems  ara  baaad  on  tha  contracta  avardad  in  tha  laat  f aw  yaara.  It  ia  claarly  avidant 
that  in  a  Military  environment  optic  flbar  tranamiaaion  ayatama  itt  chsapar  than  LOS 
ayatama.  Thia  ia  contrary  to  tha  impraaaion  craatad  by  commarcial  litaratura  which  can 
ba  attributed  to  two  faotora.  Firstly,  tha  military  miorowava  ayatam,  avan  with  commer¬ 
cial  equipments,  ara  more  expansive  to  procure  due  to  aurvivabil ity  aapaota  i.e.,  BMP 
protection,  more  stringent  standards  for  building,  alaotrioal  ate.,  which  are  not  appli¬ 
cable  in  tha  case  of  fiber-optic  ayatama.  Secondly,  the  prices  of  fiber-optic  ayatama 
have  bean  falling  ao  rapidly,  aa  ahown  in  Fig.  8,  that  any  coat  atudy  baaad  on  prevailing 
prices  is  outdated  by  the  time  it  is  publiahed  or  ralaaaad  to  outside  sources. 

Tha  atudy  has  covered  costa  for  a  number  of  scenarios,  However,  the  coat  cal¬ 
culations  ara  for  a  hypothetical  route,  involving  varioua  assumptions,  while  in  a  real 
situation  the  relative  priest  can  change  from  one  routs  to  another. 

In  addition,  factors  such  aa  right-of-way,  land  ownership,  acceta  roada,  and 
tha  allocation  of  frequency  spectrum  may  have  their  own  Implications  in  soma  coun¬ 
tries  and  could  influence  tha  choice  of  ayatam.  The  cent  for  bulk  encryption,  which 
can  ba  considerable,  hat  not  haen  includad  in  either  of  the  two  ayatama.  In  tha  caaa  of 
fiber  optic  ayatama,  bulk  encryption  may  not  ba  conaidarad  necessary,  while  it  will  ba 
aaaential  for  L08  microwave  ayatama. 

Vo  summarise,  it  can  ba  said  that  ourvivabi 1 i ty ,  lifecycle  coat,  and  otUe-  im¬ 
plications  aa  mentioned  earlier  will  influence  tha  choice  of  ayatam,  but  fro  the 
initial  invaatment-coat  viewpoint,  avan  with  adverse  errors,  fiber-optic  ayatama  arc 
coat-competitive  with  LOS  miorowava  tarraatrial  tranamiaaion  ayatama. 

3.4  PAST  AND  FUTURE  OOST  TRENDS 

Tha  laat  decade  has  aeon  remarkable  developments  in  tha  scientific  field  and  in 
production  techniques  for  flbar  optica,  and  thate  ara  rapidly  making  it  the  dominant 
medium  for  transfer  of  information  in  tha  communication  world.  Thasa  developments,  in 
conjunction  with  large  volume  production,  have  caused  an  almost  exponential  drop  in  tha 
prices  of  the  components.  Thia  ia  illustrated  in  Fig.  8.  Moat  of  the  decrease  in  prices 
hat  probably  already  occurred  and  prices  ara  levelling  out,. but  a  reduction  in  component 
prlcaa  at  tha  rata  of  10  to  13X  par  annum  ahould  still  continue  for  at  iaaat  a  taw  more 
yaara.  Additional  reductions  in  the  ayatam  coat  can  be  expected  from  improvements  in 
tha  performance  of  components,  which  will  lead  to  longer  distances  without  repeaters, 
higher  channel  capacity,  and  greatsr  reliability.  However,  it  ahould  be  recognised  that 
SOX  of  the  ayatam  coat  constitutes  civil  work  which  may  increase  with  time. 

4.  CONCLUDING  SUMMARY 

An  ovarvlaw  of  tha  fiber-optic,  miorowava  and  coaxial  cable  tranamiaaion  systems 
conaidarad  in  the  STO  atudy  ia  presented  in  Tsbla  3.  Originally  tha  table  was  published 
in  Raf.  10,  but  it  has  bean  updated  to  reflect  military  requirements  and  their  effect  on 
coat.  The  table  also  includes  an  assessment  for  a  coaxial  cable;  this  was  not  examined 
in  tha  STO  atudy  bacauae  of  its  known  susceptibility  to  BMP  and  high  coat. 
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Tibia  3 

Qualitative  overview  of  competing  systems 


Symbology :  ++,  +,  Q,  -  indicate!  beet  to  woret. 


•BAM i  Reliability,  availability  and  maintainability 
Oft 8  j  Operation  and  aupport 


Some  additional  faetore,  euch  at  right-of-way ,  land  procurement,  proviaion  of 
aooeet  roads,  and  tha  all  action  of  frequency  epectrum  will  have  aome  implication*  which 
could  influence  the  choice  of  eyetem.  However  these  implicatlone  would  preaumably  be 
resolved  on  a  caae-by-caaa  basic. 

In  concluaion,  flbotf  optical 

-  have  become  an  natabliahed  tranamiaaion  technology  with  further  advancea 
expected  in  future; 

-  are  currently  eoat-comput it ive  with  other  tranamiaaion  media  in  initial 
investment,  and  considerably  ehtaptr  in  048  and  lifecycle  coat; 

-  installed  underground  offer  greater  survivability  under  conventional 
and  nuclear  threat  than  any  other  tranamiaaion  medium; 

-  offer  a  high  level  of  reliability,  availability  and  maintainability. 
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Fig,  I  Estimated  total  (accumulated)  dose  contours  In  rads  at  *8  hours  sftar  tha  BRAVO  tost  explosion 


Mg.  2  Radl«tlon-lnduc«d  losi  vtriui  dot*  at  820  nm  during  CO  Irradiation 
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Pig.  s  Incremental  loii  of  bulk  fluoroalrconata  glaaa  aampla 


TO  MUX 


OPTICAL  FIBRE 


Fig.  <  Syatem  alamanta  of  an  optical  flbar  tranamlaalon  lyatam 
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ABSTRACT 

Slnoa  a  few  yaara  thara  ara  activities  in  tha  application  of  optical  fibara  aa  a 
broadband,  aacura  transmission  medium  between  a  ground-atation  and  tactical  miaailaa  for 
ranges  of  about  10  km.  Tha  idaa  ia  to  put  tha  "gunnar'a  aya",  i.a.  a  auitabla  imaging 
device,  into  tha  miaaila  to  provide  a  look-on-after- launch  capability  togathar  with  a 
man- in-tha- loop  option. 

A  kay  problem  ia  the  rapid  payout  of  the  fiber  from  tha  miaaila  during  flight. 
Several  auaoaaaful  flight  teat  oampaigna  have  been  carried  out  by  MBB,  F.  R.  of  Germany, 
where  Kevlar-reinforced  gradad-lndax  multimode  fibara  have  bean  uaed  for  tranamiaaion  of 
command-  and  TV-algnala.  Tha  affeata  of  additional  attenuation  reaulting  from  the  rein¬ 
forcement,  the  bobbin-technology  and  payout  proceea  are  wall  controlled. 

For  tha  firat  development  of  fiberoptic  guidance  ayatama  alngle-mode  tranamiaaion 
waa  not  taken  into  account,  ainae  the  auitabla  oomponanta  were  expensive,  aanalble  and 
not  readily  available.  Today  tha  aingle-moda  technology  ia  quite  advanced  and  offara  aome 
benefita  compared  with  multimode  tranamiaaion.  Tha  moat  important  pointa  ara  tha  higher 
bandwidth  and  tha  lower  attenuation.  Aa  long  aa  tha  miaaila  range  la  below  10  km,  thla  ia 
no  deciaive  advantage,  but  it  ancouragaa  tha  axtanaion  of  tha  miaaila  range  to  much  more 
than  10  km.  Tha  compariaon  of  ooata  given  no  clear-cut  atatament,  but  the  production 
ooata  for  aingle-moda  fibara  tend  to  be  below  that  of  multimode  fibara.  If  tha  hardnaaa 
againat  nuclear  radiation  ia  compared,  aingle-moda  fibara  give  tha  batter  raaulta. 


1  INTRODUCTION 

Since  tha  beginning  of  tha  aavantiaa  there  are  efforta  to  uae  optical  fibara  aa  a 
tranamiaaion  madium  batwan  a  miaaila  and  a  ground  atation.  The  vary  firat  idea  waa  to 
overcome  aome  electrical  probleme  of  tha  wire-guided  miaailaa,  auen  aa  lightning  atroke 
or  the  ahot  over  hich-voltage  power  llnaa,  which  doea  not  affect  tha  perfectly  isolating 
optloal  fiber.  But  it  la  the  capability  to  tranamit  broadband  algnala  ovar  long  diatance, 
that  offara  tha  poaalbility  to  raaliaa  miaaila  ayatama  with  quite  attractive  features.  It 
ia  now  possible  to  put,  aimply  apokan,  tha  "gunnar’a  aya"  into  tha  miaaila  without  tha 
drawbacks  of  conventional  RF-video-linka.  The  main  advantagea  of  thla  fact  arei 

*  Thara  ia  no  llne-of-aight  between  gunner  and  target,  ao  you  can  ahoot  from  cover  to 
a  target  behind  a  cover. 

*  It  ia  poaaible  to  perform  a  dive-attack,  thua  hitting  tha  target  on  the  moat  vul¬ 
nerable  topalda. 

*  Tha  vulnerability  of  tha  launcher  ia  reduced  by  indireat  firing,  aa  the  poaltlon  of 
the  gunner  aannot  be  deduced  from  tha  direction  of  attack. 

*  All  the  aophiatloated  image  proaeauing  and  target  aoqulaltion  equipment  la  located 
on  tha  ground  and  thua  no  expandable  part. 

*  Lock-on-after-launoh  and  re-targating  during  flight  la  poaaible. 

*  If  tha  video  aignal  ia  recorded,  it  can  be  uaed  for  quaai-realtima  reconnaissance. 

In  addition  to  all  that,  tha  fiber-optic  link  cannot  be  jammed  by  electromagnet ic 
meana.  Tha  only  poaaibllitlea  to  interrupt  tranamiaaion  arc  mechanical  damage  and 
aavara  nuclear  irradiation. 


2  TRANSMISSION  BYSTBM 

2.1  Tranamiaaion  capacity  requirements 

The  tranamiaaion  capacity  noeded  for  a  fiber-optic  guided  mieelle  with  a  high-reao- 
lutlon  imaging  davica  on-board  can  be  defined  quite  accurately.  It  la  determined  by  the 
aignal  bandwidth  of  tha  aanaor  or  camera  to  be  ueed.  Commercially  available  cameras,  thet 
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are  salted  for  this  application,  have  a  resolution  of  up  to  1000  points  per  line.  This 
gives  a  bandwidth  of  about  10  MHz  in  a  CCiR-atandard  video  signal.  Sophisticated  encoding 
in  order  to  reduce  redundancy  has  not  been  investigated  more  detailed,  because  it  enlar¬ 
ges  considerably  the  complexity  of  the  missile  electronics.  But  some  sort  of  modulation 
is  necessary  to  compensate  fast  changes  of  fiber  attenuation  during  payout,  to  cancel 
reflexions  within  the  transmission  system  and  to  provide  good  transmission-linearity. 

This  can  be  achieved  by  using  for  sxampls  pulss-f reguency-modulation  ( PFM ) ,  pulse-densi- 
ty-modulation  (PDM)  or  pulsa-code-modulation  (PCM),  Tht  bandwidth  of  the  modulated  signal 
will  than  bs  largsr  than  tha  baaeband-aignal  bandwidth  by  a  factor  2  to  8.  As  a  result, 
the  transmission  bandwidth  of  tha  fiber  should  be  at  least  60  MHa  over  the  whole  length. 

The  part  of  operational  telemetry  channel!  from  missile  to  ground  is  not  calculated 
separately,  since  they  can  be  easily  integrated  in  the  video  frame  without  expense  of 
further  bandwidth.  Tha  requirements  for  the  command  link  are  about  three  orders  of  magni¬ 
tude  below  that  for  the  video  transmission,  as  far  as  tranemiaaion  capacity  is  oonotrnad. 
A  bandwidth  of  10  to  100  kHs  is  sufficient  to  guarantee  remote  command  and  control  of  the 
miosile  funotiona. 


2.2  Transmission  length 

The  transmission  length,  that  can  be  achieved  without  repeater,  is  a  function  of 
flbsr  attenuation,  transmitter  power  and  receiver  sensitivity  at  a  given  bandwidth.  These 
are  the  factors,  that  are  defined  by  the  transmission  link.  Othsr  factors,  like  fiber 
volume  and  weight,  time  of  exposure  and  break  statistics  can  give  an  upper  limit  of  the 
reasonable  length,  but  the  discussion  of  these  points  is  beyond  the  coops  of  this  paper, 
in  a  quite  conservative  calculation,  one  can  assume,  that  a  realistic  transmitter  power 
ie  about  0  dBm.  Receiver  sensitivity  is  about  -4S  dBm  for  80  MHz  and  -60  dBm  for  80  kHs, 
all  values  for  1300  nm  wavelength.  With  a  margin  of  10  dB  for  spliaes,  aouplers  and  con¬ 
nectors,  there  remains  a  permissible  attenuation  of  33  dB  for  tne  video  link  and  30  dB 
for  the  aommand  link,  including  the  basic  fiber  loss  and  all  attanuation  components,  that 
are  induced  by  environmental  conditions,  radiation,  spooling,  oabling  and  payout. 


2,3  Syatsm  architecture 

In  the  transmission  system  one  single  fiber  is  to  be  used  for  both  transmission 
directions.  Therefore  multiplexing  is  necessary.  Among  several  possibilities  /I, 2/  the 
wavclenoth  division  multiplexing  technique  has  a  lot  of  advantages.  It  offara  full  duplax 
capability,  good  isolation  batwasn  tha  two  channels  and  low  attenuation  of  the  multiplex¬ 
ing  device.  Plgure  1  shows  the  block  diagram  of  the  tranemiaaion  system,  consisting  of 
transmitters  and  receivers.  multiplexers,  optical  connexions  and  tna  fiber  bobbin.  This 
transmission  system  waa,  with  smaller  modifications,  ussd  in  our  missile  flight  teste. 

Tha  video  signal  ia  transmitted  at  1300  nm  baoauss  of  the  lower  attanuation  and  the  lower 
dispersion  at  this  wavelength.  Tha  lower  sensitivity  of  the  1300  nm  receiver  cancels  out 
with  tho  lower  fiber  loss  after  a  certain  langth  of  transmission.  Ths  command  link,  which 
allows  hiahsr  flbsr  attsnuatlon,  is  dssignsd  to  work  at  830  to  900  nm.  Connsotors  ars 
avoided,  if  poeaible,  and  if  really  needed,  they  are  placed  in  the  receiver  branch.  The 
only  Important  oonnector  In  the  system  plugs  the  missile  to  the  ground  station. 


3.  FIBER  PROPHRTIB8  AND  PERFORMANCE 


3.1  Spool fio  fiber  problems  in  payout  applications 

In  missile  applications  the  fiber  has  to  work  under  conditions,  that  are  not  compa¬ 
rable  with  standard  network  applications,  Ths  fiber  ia  wound  up  on  bobbins  with  diameters 
less  than  100  millimeters.  To  achieve  a  tight  structure,  the  spooling  is  dona  under  mode¬ 
rate  but  oonetant  fiber  strain.  This  is  necessary  to  avoid  strangling  and  tangling  during 
payout.  Beaauae  of  the  limited  apace  in  a  missile,  the  fiber  diameter  is  usually  less 
than  0.5  mm.  Thsrefors  ths  protecting  and  buffering  function  of  the  coating  ie  not  very 
high,  and  spooling  causes  severe  mlorobanding  end  in  consequence  increased  loss  /3,4/, 
This  additional  attenuation  can  be  kept  at  a  minimum,  if  the  fiber  is  properly  designed. 
The  loas  increase*  somewhat,  when  the  bobbin  ie  cooled  down  to  low  temperatures.  This  is 
the  result  of  slight  structural  changes  of  the  bobbin  and  the  fibor  coating. 

Another  critical  effect  is  the  ourvature  radius  at  ths  pasl-point  (Fig,  2),  whioh 
might  be  lower  than  2  mm  at  the  beginning  of  the  payout  process.  This  radius  depende  on 
payout  fores  and  vslocity,  on  the  stiffness  of  the  fiber  and  the  structure  of  the  bobbin. 
The  conditions  of  the  unapoolad  fiber  between  miaailo  and  ground  can  cause  additional 
loaa.  Tha  fiber  is  under  tension  during  the  whole  flight.  The  maximum  force  measured  at 
the  ground  station  was  about  20  N,  This  produces  microbending  effects,  if  the  structure 
of  the  reinforced  fiber  ie  not  homogenoue.  The  amount  of  attenuation,  that  ariaea,  when 
the  fiber  touches  trees  or  other  obstacles,  ia  not  yet  studied  in  detail. 


3.2  Teat  procedures  for  guidance-fibers 

The  suitability  of  a  potential  fiber  for  payout  applications  is  tested  by  several 
test  procedures.  In  the  first  test,  the  fiber  is  simply  bent  while  measuring  the  increase 
of  attenuation  (Pig.  3).  The  additional  loss  should  be  lower  than  3  dB  at  a  bending  ra¬ 
dius  of  2  mm.  Higher  values  can  be  tolerated,  if  fiber  and  bobbin  properties  guarantee  a 
greater  peel  point  radius. 

The  moat  important  dynamic  test  in  the  laboratory  ia  performed  in  the  payout  teat 
facility  (Pig.  4).  In  thia  facility  tha  fibar  is  spooled  off  and  wound  up  on  a  drum  with 
velooitlea  up  to  200  m/s.  Attenuation  ia  constantly  monitored  by  a  850  nm  or  1300  nm 
level  measuring  setup.  The  resulting  attanuatlon  valuea  are  in  a  certain  way  worat  case 
values,  sines  the  fiber  stress  is  stored  on  the  drum  and  therefore  cauaoa  microbending 
effects,  that  cannot  be  observed  during  real  flight.  The  payout  behaviour  of  the  bobbin 
is  simulated  sufficiently  realietic  In  this  faaility. 

The  ultimate  demonstration  of  suitability  era  flight  tssts.  Therefore  several 
flight  campaigns  have  bean  carried  out,  using  the  first  generation  wire-guided  anti-tank 
misaile  MAMBA  as  a  teat  carrier.  Because  of  the  short  range  of  the  MAMBA-eng ine ,  the 
testa  were  limited  to  about  2,5  km.  Thess  flights  provsd  ths  fsaalbility  of  rapid  payout 
and  the  possibility  of  broadband  digital  video  transmission  from  missile  to  ground. 


3.3  Bending-  and  microbending  sansitivity 

In  Pigurs  5  the  bending  sensitivity  of  standard  1300  nm  singlemode  fibers  is  com¬ 
pared  with  the  bending  sensitivity  of  standard  multimoda  flbtra  and  with  fibers  optimised 
for  missile  application.  The  fiber  data  re  listed  below. 


No. 

Manufacturer 

Type 

Core  Bias 
urn 

NA 

Atten. 

dB/km 

Jacket 

Outtr  Dia. 
urn 

1 

Amfox 

"ai"* 

30 

rr 

Acrylate 

250 

2 

■OPD 

OI 

38 

0,25 

1.3 

DeftoTo 

280 

3 

Pujikura 

01 

39 

0.28 

0.7 

Acrylate 
i  Kevlar 

480 

4 

Philips 

SM 

9.6 

0.1 

0.42 

Acrylate 

250 

5 

Pujikura 

8M 

8 

0.1 

0.48 

Nylon 

900 

Table  It  Data  of  teated  fibers 


The  fibers  1,4  and  5  are  fibers  for  standard  applications  without  extreme  bending, 
where  a  low  NA  has  the  advantage  of  lower  attenuation  and  higher  bandwidth  /S/.  cladding 
diameter  of  ell  the  fibers  la  125  urn,  fiber  3  is  reinforced  with  Kevlar  (Pig.  8).  The 
teat  resulte  confirm  the  fact,  that  bending  sensitivity  of  multimode  fibers  decreases  dra 
matioally,  if  the  NA  respectively  the  oore/cladding  index  difference  increases  and  core 
sise  decreases.  Though  this  is  only  demonstrated  with  multimode  fibers,  this  statement  is 
also  valid  for  single-mode  fibers  /7,9/.  Banding  attenuations  of  Isas  than  0,03  dB  for  a 
bending  radius  of  3  mm  are  reported  for  a  NA  of  0,2  /4,6/, 

On  the  other  hand,  the  high  doping  level  that  is  necessary  for  the  high  NA  design 
especially  of  tho  graded  index  multimode  fibers  slightly  increases  fiber  loss  (0.1  to  0.5 
dB/km).  Moreover,  fiber  coupling  is  mors  affected  by  geometry  mismatch  /8/f  and  it  is 
more  difficult  to  keep  diapersion  down.  Mechanical  strength  may  be  reduced  by  the  diffe¬ 
rent  mechanical  properties  of  core  and  cladding  in  highly  doped  fibers.  When  a  step  index 
structure  is  used,  which  is  possible  in  single  mode  fibers,  pure-sillca  production  techno 
logics  for  high  NA  fibers  are  available,  that  avoid  excessive  doping  /1 4/ . 

Microbending  sensitivity  can  be  calculated  from  fiber  data  /10,11/  or  estimated,  if 
the  bending  sensitivity  is  known.  Several  microbending  test  methods  are  known,  but  the 
most  evident  and  affirmative  method  to  evaluate  the  microbending  effect  on  the  bobbin  is 
to  meke  a  bobbin  sample.  The  loss  differences  are  significant  for  different  fiber  types. 
Ths  spooling  loss  of  a  standard  gradad-index  multimode  fiber!  like  No  1  in  Table  1  for 
lnatanoe,  Is  exceeding  10  dB/km,  while  the  additional  loss  of  a  high-NA  fiber  (No  3)  is 
below  0.3  dB/km, 


3.4  Dynamic  attenuation 

Dynamic  attenuation  is  that  part  of  the  transmission  loss,  that  changes  during  pay¬ 
out.  It  originated  from  deformations  of  the  unspooltd  fiber  mainly  at  ths  psel-polnt  and 
in  ths  bobbin  canister.  It  oscillates  rapidly  and  randomly  with  frequencies  up  to  several 
klloherts.  (Thia  ia  one  of  the  reaaona,  why  simple  baseband  video  transmission  is  not 
applicable) .  The  amplitude  of  oscillation  la  determined  by  the  bending  sensitivity,  as 
shown  abovs,  and  by  ths  ooatlng  material.  Hard  coatings,  that  don't  allow  aonatant  defor¬ 
mation,  are  preferable,  other  coatinga,  like  Nylon,  tend  to  store  deformation,  and  it 
lasts  a  considerable  amount  of  time,  seconds  to  minutes,  until  they  have  fully  recovered. 
Ths  oscillation  amplitude  of  speaial  guidance  fibers  ie  kept  below  3  dB. 
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Thera  la  one  significant  difference  in  the  dynamic  behaviour  of  single-mode  and 
multimode  fibersi  the  relation  of  attenuation  versus  bending  radius  la  more  abrupt  in 
single  mode  fibers.  This  makes  the  fades  in  single-mode  fibers  "harder"  than  multimode 
fading. 

Another  part  of  dynamic  attenuation  is  caused  by  fiber  stress,  it  is  usually  below 
0.1  dB/km/N.  It  is  primarily  observed  in  reinforced  fibers,  where  microbending  ia  produc¬ 
ed  by  lnhomogenities.  Stress-induced  changes  of  the  fiber  refractive  index  are  not  signi¬ 
ficant. 


3.5  Effects  of  nuclear  radiation 


Nuclear  irradiation  is  generating  transient  ionisation  in  optical  fibara.  Thie  pro¬ 
ducts  two  effecta.  The  one  ia  luminescence,  which  occur*  only  during  irradiation.  Tha 
other  le  the  attenuation  during  and  after  irradiation.  Thie  la  the  more  eerioua  effect. 
The  deterioration  of  transmission  afficiancy  la  affactad  in  a  complicated  way  by  various 
factors,  such  as  glass  composition,  natura  and  energy  laval  of  radiation  aourca,  tempera¬ 
ture.  wavelength  and  signal  powar  /13/.  It  ia  primarily  tha  doping  matarial,  that  ia  res¬ 
ponsible  for  the  darkening  of  the  fiber  glaaa.  Xn  graded-index  fibara,  core  glass  must  be 
doted  to  achieve  the  refractive  index  profile.  Theta  fibers  degrade  with  up  to  approxima¬ 
tely  1  dB/km/rad.  Due  to  tha  high  residual  loss,  gradad-indax  fibers  are  not  suited  for 
nuclear  environment,  even  at  fairly  low  Irradiation  levels  /12/. 


Radiation  resistant  fibara  are  produce*  aa  wall.  They  all  have  a  step  index  pro¬ 
file.  In  most  oases,  the  core  ia  made  of  pure  silica,  and  only  the  cladding  ia  doped. 
Irradiation  induced  attenuation  ia  two  to  three  orders  of  magnitude  lower  than  in  graded- 
index  fibara.  In  addition  they  need  less  time  to  recover.  Residual  attenuation  values  of 
about  1  dB/km  one  hour  after  Irradiation  with  a  total  dose  of  10000  rad  era  reported  /1 3, 

1  if  e 


4.  CONCLUSION 

The  comparison  of  the  two  fiber  types  shows,  that  the  aingle-moda  fiber  can  be  de¬ 
signed  and  optimised  for  payout  applications  as  wall  aa  tha  multimode  fiber.  In  neither 
case,  tha  standard  telecommunication  fiber  can  be  used;  thus  it  ie  risky  to  speoualte  on 
low  pricss. 

The  advantages  of  multimode  fibers  arei 

*  simple  aonneotor  and  multiplexer  technology  can  ba  used 

*  coupling  «f f loianoy  to  light  aourcaa  ia  quite  good,  even  if  "cheap"  LB Da  are  uaad 

*  variation  of  bendlng-induoed  loaa  la  "soft"  owing  to  mods  conversion  mechanisms. 

Bo  multimode  fibara  are  the  beet  solution  for  low  cost  missiles  with  ranges  up  to 
10  km  in  a  non-nuclear  environment. 

Single  modo  fibers  offer  the  following  benefitit 

*  very  long  transmiaeion  links  are  faaaible  (e.g.  distances  up  to  100  km  ar*  reported 
in  telecommunication  ayatama) , 

*  nuclear  resistant  design  la  possible. 

These  properties  make  single-mode  fiber  to  a  favourite  for  miesile  ranges  of  more 
than  10  km,  or  for  medium  distance  links  in  nuclear  environment. 
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(bloo  diagram) 


Pig.  5:  Bend  test  results  (Fiber  data  see  table  1) 
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Pig.  6:  Structure  of  reinforced  fiber 
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DISCUSSION 


J  Fridman,  US 

How  did  you  handle  the  practical  problem  of  splices  in  a  1 0  km,  when  you  had  a  tightly  packed  bobbin  on  the  payoff 
end? 

Author's  Reply 

It  is  a  good  question;  we  didn't  have  any  question  splicing  but  it  is  a  problem.  See  next  comment. 


J,Pan,  US 

Comment:  A  1 7  km  continuous  fibre  is  available  in  US;  therefore  fibre  splice  may  not  be  a  problem. 
Question:  What  was  the  inner  diameter  of  your  fibre  bobbin  in  your  flight  test? 


Author’s  Reply 

80  mm  and  100  mm. 
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Lightwave  Technology  In  Future  Radar  Equipment  Designs 

C.M.  Geo,  A,E,  Popa  and  H.W.  Ken 

Hughes  Researoh  Laboratories 
3011  Malibu  Canyon  Road,  Malibu,  Ca.  USA  90265 


Abstract 


Lightwave  devioe  technology  aan  be  Implemented  In  future  active  aperture  radar 
arrays.  Transmitter  and  receiver  components  for  a  fiber  optto  antenna  feed  manifold  in 
which  the  transceiver  modules  ere  connected  to  a  central  computer  will  be  reviewed. 
Present  link  signal  to  noise  limitations  imposed  by  the  performance  of  these  components 
will  be  analyzed,  and  promising  trends  in  component  development  will  be  discussed. 


Introduction 


The  radar  environment  will  become  increasingly  complex.  The  tactical  radar  of  the 
future  will  be  required  to  work  in  a  severe  air  defense  suppression  environment  while 
providing  high-performance  search,  track  and  target-ldentif ioation  funotlons, 

Electronic  counter-measures  ( ECM)  and  anti-radiation  missiles  (ARM)  will  foroe  the  radar 
to  use  a  highly  versatile  architecture  with  adaptive  signal  processing  coupled  with  low 
probability  of  lnteroept  (LPI)  transmitter  waveforms  and  antenna  oharaoterletlos .  New 
radar  systems  will  aohleve  processing  gains  while  minimizing  the  speotral  power  density 
of  the  radar  energy.  Emphasis  will  be  plaaed  on  encoding  and  decoding  broadband 
signals,  adaptive  beam  forming  and  filtering,  Jammer  nulling  and  eleotronlo  agility  in 
beam  steering. 

Signal  processing  techniques  to  counter  the  ECM  and  ARM  threats  in  the  radar 
environment  are  fairly  well  developed.  Due  to  the  oomplexity,  size  and  oost  or 
Implementing  these  techniques,  however,  they  are  rarely  used  in  mobile  land-based  and 
airborne  radar  systems.  Gulded-wave  optical  subsystems  and  components  offer  exoitlng 
new  possibilities  in  meeting  future  radar  systems  processing  requirements, 

A  future  radar  design 

To  aohleve  the  physical  and  funotlmal  survivability  required  for  a  future  mobile 
radar  system,  oomblned  analog  and  digital  signal  processing  will  be  required  to 
Implement  a  broad  range  or  oountermeasuras .  The  typical  radar  system  will  oonslst  or 
2000  to  4000  transceiver  modulee,  one  for  each  element  of  an  antenna  array.  For  weather 
penetration,  the  radars  will  aontlnue  to  operate  at  frequencies  between  3  and  12  0Hz. 

To  abhleve  LPI,  each  solid-state  transceiver  module  will  transmit  energy  in  pulses  from 
1  to  200  useo  using  waveforms  oooupylng  bandwidths  up  to  101  of  the  operating  frequency. 
Received  pulse  compression  ratios  on  the  order  of  200  will  be  used  and  the  phase  of  eaoh 
element  In  the  antenna  array  will  be  quantized  to  an  accuracy  of  4  or  5  bits  In  order  to 
maintain  antenna  slde-lob.in  at  least  40  dB  below  the  main  boam.  A  oentral  processor 
baaed  on  Very  High  Speed  Integrated  Circuit  (VHSIC)  technology  will  oommunloate  with 
eaoh  element  of  the  array  to  provide  the  appropriate  control  signals  and  computations 
required  for  beam  steering,  clutter  suppression,  Doppler  filtering,  pulse  compression, 
multiple  terget  tracking  and  Jammer  suppression.  Figure  1  shows  a  futuristic 
Implementation  of  a  radar  with  tha  array  of  modulee  connected  to  the  erray  processor  by 
a  fiber-optic  waveguide  manifold.  By  using  optical  wavelength  multiplexing  and  multiple 


Figure  1.  Implementation  of  an  array  radar  with  eaoh  transceiver  module  being  a  hybrid 
optical  microwave  olroult  that  provides  signal  generation,  detection  and  processing 
functions.  The  modules  are  connected  to  the  array  processor  by  a  manifold  of  fiber¬ 
optic  cablea. 
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Figure  2.  Sohoraatio  of  an  amplitude-modulated  riber-optlo  daisy  Una.  Either  direot 
laaar  ourrant  modulation  or  an  external  electro-optic  modulator  oan  be  uaad  In  tha 
tranamlttar. 


rf  auboarrlars,  aaoh  flbor-gulde  oould  provide  a  wlda  varlaty  of  bl-dlrectlonal  signals 
betwaan  tha  array  modules  and  tha  oantral  prooassor.  Thasa  signals  would  lnoluda 
transmitter  wavaform,  transmit  beam  steering,  transmlt-raoalva  switch  position, 
polarisation  selection,  receiver  beam  steering,  received  signal  waveform  and 
diagnostics.  Besides  being  used  as  a  wlda-band  data  manifold,  guldud-wave  optlos  will 
also  oontrlbute  to  tha  implementation  of  a  variety  of  radar  funotlons. 

Badar  funotlons  using  gulded-wava  optlos 

Tha  large  bandwidth,  low  loss,  .lightweight  and  eleotromagnetio  immunity 
oharaotarlatlos  of  optical  waveguides  offer  promising  capabilities  in  tha  Implementation 
of  microwave  daisy  lines,  phaee  shifters  and  signal  prooassors.  Tha  amplitude-modulated 
fiber-optic  delay  line  shown  in  Figure  2  consists  of  a  modulated  optical  transmitter, 
optloal  flbor  to  provlda  the  required  delay  and  «  photodeteotor . 

Tha  propagation  delay  in  a  conventional  silloa  optloal  fiber  la  4.8  usec/km.  For 
light  In  the  800  to  900  nm  wavelength  range',  fiber  loss  Is  below  3  dB/km  and  material 
dispersion  la  100  paeo-nin/km .  The  spectral  width  of  semiconductor  laser  souroes  oan  be 
lese  than  0.1  nm.  Henoe,  fiber  bnndwldths  are  well  In  excess  of  10  (3Hz  even  for  a  raw 
kilometers  of  fiber.  At  1,3  pm  wavelength,  fiber  loss  oan  be  lees  than  i  dB/km  and 
dispersion  less  than  3  pseo-nm/km. 

Selection  of  transmitter  components 

The  rf  signal  can  be  up-oonverted  to  an  optloal  frequency  by  dlreotly  modulating  the 
laser  diode  current  or  by  using  an  external  optloal  modulator.  The  performance  of 
microwave  flbor  optic  links  will  vary  greatly  depending  upon  whloh  type  of  laser  Is 
used.  For  links  using  direot  current  modulation,  the  two  most  relevant  laser  diode 

operating  characteristics  are  the  modulation  response  and  the  lntrlnslo  laser  noise 

spectrum. 

The  frequency  response  of  a  lauer  diode  under  direot  ourrent  modulation  is 
influenced  by  both  the  lntrlnslo  response  of  the  laser  and  parasitlo  circuit  elements 
associated  with  the  laser  packaging.  The  Intrinsic  small  signal  modulation  response  of  a 
s emi oonduot or  laser  Is  of  the  formi 

a  - - x - y-r - X— ft-  (  1  ) 

z  (fz  -  fzr  *  yV 

where  f  la  the  relaxation  resonance  frequenoy,  a  convenient  measure  of  the  useful 
bandwidth  of  a  semiconductor  laser.  For  most  AlOaAs  laser  diodes,  f  is  In  the  range  3- 
4  OHz  at  tho  maximum  laser  output  power.  However,  by  designing  lasers  to  operate  at 
higher  output  power  densities  or  by  decreasing  the  oevlty  lifetime,  the  resonance 

frequenoy  oan  be  increased.  If  laser  diodes  are  designed  In  suoh  a  way  as  to  minimize 

the  effeots  of  parasitic  circuit  elements  then  their  frequenoy  response  Is  nearly  the 
same  as  their  Intrinsic  frequenoy  response. 

The  second  important  operating  characteristic  of  laser  diodes  for  use  In  miorowave 
fiber  optic  links  Is  the  lntrlnslo  Intensity  noise  spectrum  of  the  laser.  The  intensity 
fluctuations  of  laser  diodes  arise  from  the  shot  noise  processes  aosooiatad  with  oarrler 
injection  and  recombination  Inside  the  laser  active  layer.  These  noise  generating 
processes  result  In  an  Intensity  noise  spectrum  whloh  Is  oharaoterl zed  by  a  broad  and 
pronounced  resonanoe  at  f  .  The  laser  fluctuations  are  expressed  in  terms  of  the 
relative  Intensity  noise,  RIN,  defined  am 


<AP  t  f ) > 


RIN( f ) 


(2) 
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Figure  3.  Relative  Intensity  noise  (RIN)  of  a  Mitsubishi  MLS101  laser. 

where  P,  Is  the  DC  laser  power  and  <iP2(f)>  is  the  speotral  density  of  the  square  of  the 
laser  optloal  power  fluotuatlon. 

The  noise  spectra  of  a  Mitsubishi  ML5101A  "orank"  TJS  laser  Tor  various  bias 
ourrents  are  shown  In  Figure  3.  The  most  relevant  feature  of  these  aurves  Is  that  the 
RIN  below  the  resonance  frequenoy  f  of  3-4  OH*  decreases  significantly  aa  the  bias 
current  is  lnoreased.  The  noise  apsotra  shown  in  Figure  3  represent  the  laser  RIN  under 
conditions  of  low  optlaal  faedbaok.  In  the  presence  of  optloal  feedback  levels  as  small 
as  -60  dB,  the  intensity  noise  Is  lnoreased.  Low  noise  direct  modulation  Tiber  optic 
links  must  therefore  either  incorporate  optloal  isolation,  or  new  laser  structures  must 
be  developed  which  are  loss  sensitive  to  optical  feedback. 

Although  external  modulators  have  problems  aa  well,  external  modulation  links  are 
not  limited  In  frequency  by  the  laser  relaxation  resonance.  Perhaps  evon  more  Important 
Is  the  ability  to  use  stable,  lew  noise  laser  sources  with  external  modulators.  In  this 
paper  we  will  restrict  our  discussion  to  LINbO,  traveling  wave  Mach  Zehnder  modulators 
whloh  have  been  demonstrated  to  have  a  3  dB  bandwidth  of  17  OK*. 

The  modulation  transfer  function  for  an  interference  typo  modulator,  suoh  as  the 
Maoh  Zehnder  modulator,  la  given  byi 

P  -  Ppl<  slnZ(-p-  ♦  ♦)  (3) 

TT 

where  V  Is  the  "half-wave  voltage",  a  parameter  that  tekea  Into  aooount  the  dimenelona 
and  material  of  the  modulator.  For  linear  modulation,  the  modulator  is  typloally  bissed 
to  ♦  «  ±n/M.  The  modulation  char  act er 1 e 1 1 c  is  linear  only  for  amall  signals  around  V«j, 
so  distortion  and  the  resulting  Intermodulation  products  will  become  sn  issue  at  high 
percentage  modulation. 

The  capability  of  theae  modulators  to  operate  st  frequencies  well  above  10  OH*  is  a 
significant  advantage  of  external  modulation.  The  moat  aerioua  disadvantage  of  using 
LINbO,  modulators  In  links  operating  at  0.63  um  Is  the  limited  optical  power  handling 
capability  of  the  modulator.  Due  to  photorefraotive  effeote,  lees  than  30  pW  Is 
typloally  launched  Into  an  optloal  fiber  after  taking  into  aooount  propagation  losses 
through  the  modulator  and  modulator-fiber  coupling  losses.  Even  for  short  links  using 
efflolent  photodet eotoro ,  the  DC  photoourrent  will  be  only  of  the  order  of  10  pA.  As 
will  be  shown  In  the  link  analysis  seotlon  of  this  paper,  the  receiver  amplifier  noise 
will  be  the  dominant  noise  source  In  this  case  and  the  maximum  S/N  will  be  substantially 
leas  than  that  possible  for  links  using  direct  current  modulition  at  0,6  pm  wavelength. 

Selection  of  Receiver  Components 

A  reoelver  for  a  mlorowava  fiber  optic  link  oonslsts  of  a  high  speed  photodeteotor 
and  a  low  noise  amplifier.  The  deteotor  should  have  a  flat  response  over  the  frequenoy 
range  of  Interest  and  as  high  sn  efficiency  aa  possible.  The  tmplifler  should  also  have 
a  flat  responae  over  the  frequenoy  range  and  as  low  a  noise  figure  as  possible. 

At  tna  Hughes  Research  Laboratories,  QaAs  Sohottky  photodiodes  with  bandwldths  of 
20  OH*  and  quantum  effloienoles  aa  high  as  70)  have  been  fabrloatod  and  ohsraoterlxedJ . 
Based  upon  a  1,5  pm  depletion  lcyer  width,  the  frequenoy  limitation  due  to  transit  time 
effects  Is  approximately  30. OH*.  In  normal  operation  with  low  Input  Impedance 
amplifiers  (sg.  50  n) ,  the  bandwidth  \i  aotually  determined  by  the  RC  time  oonstant  of 
the  device  plus  pareoltio  C  and  the  amplifier  Input  impedanoe,  R. 

Most  links  for  transmitting  analog  mlorowave  signals  require  bandwldths  of  a  few 
OH*  or  less  oentered  at  ths  mlorowave  oarrler  frequency.  Detectors  for  mlorowave  fiber 
optic  links  need  to  be  designed  so  that  the  frequency  response  limited  by  transit  time 
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exceeds  the  carrier  fro 
exoeed  the  link  bandwid 
above  will  have  bandwid 
operated  Into  50  (1  Imps 
link  oan  be  improved  by 
corresponding  lnorease 
Halted,  It  Is  therefor 
lapedanoes  as  possible, 
required  link  bandwidth 
at  the  appropriate  mlor 


quenoy,  but  the  bandwidth  limited  by  Ro  time  oonstant  need  only 
th.  For  most  applications,  the  Sohottky  photodiodes  described 
ths  greatly  In  excess  of  that  required  when  the  deteotors  are 
danoe  amplifiers.  The  S/N  of  a  reoelver- amplifier- nolse-llmlted 
Increasing  the  amplifier  Input  impedance,  providing  there  Is  no 
In  the  amplifier  noise  figure.  For  links  that  are  amplifier  noise 
a  desirable  to  design  amplifiers  yhloh  have  as  large  input 
while  still  maintaining  the  (RC)  bandwidth  greater  than  the 
.  Tuned  RLC  olroults  oan  be  used  to  oanter  the  reoeiver  bandwidth 
owave  oarrier  frequency. 


Hlorowave  Fiber  Optlo  Link  Analysis 


In  this  subs 
optic  link  affeot 
external  modulati 
threshold  ourrant 
distortion,  or  ul 
power/eleotrl oel 
bias  of  ohms. 

The  optioal 
inoludea  the  optl 
is  characterised 
characterised  tie 
(the  oapaoitanoe 
The  proper  tarmln 
the  bandwidth,  B. 


action,  we  Illustrate  how  the  various  parameters  of  a  simple  fiber 
its  aignal-to-nolae  performance.  Both  direct  laser  ourrent  and 
on  techniques  will  be  analysed.  The  laser  is  oheraoter ised  by  a 
».  l_Hi  a  maximum  oparatlng  ourrant  I  k  (determined  by  signal 
tlmlBely,  by  laser  burnout)i  a  alop*pgff lolenoy ,  n,  [optioal 
ourrent,  0H/A]  i  end  an  incremental  drive  Impedance  about  Its  point  of 

fiber  la  oharaotari sad  by  its  powtr  attanuatlon,  K.  [0W/°W],  whloh 
oal  coupling  losses  to  both  the  laser  end  photodiode.  The  photodateotor 
by  a  slope  effioienny  of  ru  C A /  W] .  Photodiodes  are  usually 
otrloally  as  a  ourrant  generator  in  parallel  with  s  oapaoitanoe,  C 
of  the  PN  Junction  plus  the  lead  and  package  paraeltlo  oapaol tanoa) . 
etlng  load  should  be  ahosen  so  that  (RqCq)  le  ltrge  enough  to  pass 


Ws  oould  define  a  ourrent  transfer  function  from  laser  to  photodiode,  H,  > 
In  terms  of  power  rather  than  current,  we  introduce  laaer  and  detector  transfer 
funotione, 

kL  " 


nLKFV 


Ha  oan  now  derine  an  overall  link  transfer  function, 

Hl  ■  KLKrKD  (6) 

2 

whloh  le  d  1  mens  1 onleee .  The  quantity  H,  Is  limply  the  eleotrioal  power  transfer 
[*H/*H]  between  Input  and  output  of  th*ullnk.  It  will  generally  be  lass  than  unity  and 
therefore  e  loss  rather  then  e  gain. 

He  wish  to  find  expressions  for  the  slgnai-to-no 1 se  ratio  of  this  link,  and 
ultlnatsly  lto  nolst  figure  In  terms  or  the  oomponent  parameters  end  system 
requirements.  The  equivalent  eleotrioal  nolee  power  generated  In  the  laser  Is 


NL(f)  -  kTB 


"•W'HWW "lb  -  kTB 


where  kTB  Is  the  thermal  noise  from  the  signal  souroes  Impedance.  RIN  as  defined  in  Eq 
(2)  represents  the  total  output  nolss  from  s  laser  as  determined  by  measurement, 
lnoludlng  the  thermal  nolee  from  the  signal  souroe,  the  shot  noise  asaooiated  with  the 
DC  laser  ourrent,  and  all  other  nolee  prooesses  In  the  laser.  The  photodateotor  output 
noise  power,  Nq,  is  the  ahot  nolle  assooiated  with  the  everege  photoourrent ,  I D i 

nd  •  ««T„  rDBRD  (8) 

where  a  factor  f _  >_  1  has  been  added  to  eooomodeta  excess  noise  In  thv  oase  of  svalsnohe 
photodiode*.  In  terms  of  th*  leser  ourrent, 

ND  '  2i(1BIAS-  (9) 

The  total  nola*  power  at  the  output  of  th*  link  will  then  be  th*  sum  of  th*  internal 
noise  source*  end  th*  input  noise,  Nln«kTB,  all  referred  to  th*  output  terminal*. 

“out"  HUNln+  HUV  ND 

•  Hf,kTB  +  H2cRINDM{IBIAS-  WV  -  kTB]  +  Z*(IBIAS-ITH)HLrDB/"BriS  (10) 

so  that  the  noise  figure  of  this  diraotly  modulated  link  is  t 


(S/N)in  R1NDM(  IB1A3-ITH)  Rl  2s(Ibu  -Ith)Fd/I[Tc 

'  ^rrr^t - - - 


do 
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Figure  4.  Note*  figure  attributable  to 
the  optoeleotronlo  (laaer,  fiber,  photo- 
deteotor  components  of  a  direct  modulation 
mlorowave  link. 


Figure  5.  Overall  link  nolso  figure 
of  a  direct  modulation  mlorowave 
link . 


F-m  le  the  noise  figure  that  oan  be  attributed  to  the  optoeleotronlo  components  In  the 
link  (laser,  fiber,  photodeteotor ) .  This  noise  figure  Is  plotted  In  Figure  4  versus  link 
transfer  function  H,  for  dlfferant  values  of  laaer  RIN.  The  values  or  the  other  relevant 
parameters  ere  typical  for  direct  modulation  links  using  Mitsubishi  ML5101  lasers.  One 
of  the  moat  relevant  features  of  thla  figure  la  that  the  noise  figure  attributable  to 
the  optoeleotronlo  components  la  very  large.  The  shaded  portion  of  Figure  4  represents 
the  range  In  which  dlreot  modulation  links  commonly  operate,  The  dominant  noise  souroe 
in  auah  links  is  laser  noise.  The  noise  rigure  Is  dlreotly  proportional  to  laser  HIN  and 
relatively  Insensitive  to  the  link  transfer  funotion. 


If  we  use  amplifiers  with  nolee  figures  F .  ,  <  F...  before  and  after  the  link, 

respectively,  we  oan  generally  Improve  the  overall  linKnoiae  figure.  The  overall  link 


noise  figure,  FDM,,  Including  the  elegtronlo  amplifiers,  msy 
noise  flgura  aslcsde  formula  of  Frlis  i 


be  determined  from  the 


FDML 


1  ♦  <F,-1) 


(fdm  ~  1),  (V  ’> 

°1DM  °1DMHL 


(  1  2) 


We  see  that  to  minimize  the  overall  noise  figure,  we  should  maximize  H, .  We  would  also 
like  to  ahoose  the  bias  current  so  that  the  amplifier  gain  D..H  is  maximized  (subjeot  to 
the  constraints  of  laser  burnout  and  negative  peak  ol  1  pplng )  '  arid  RINDM  Is  minimized. 
Taking  I g •  ( ITH  +  I  k)/2  then  we  would  seleoti 


1  DM 


<ra  /83lnpk> ( :pk' 


ITH)  RL 


where  m  Is  the  modulation  depth  and  S,  ^  la  the  peak  rf  power  from  the  signal  souroe 
(before  the  amplifiers).  Then,  we  hav8pthe  following  expression  for 


8$ 


DML 


ln£k_ 


m2(ipk- 


23lnpkRIWDH 
m2kT 


Se,/RD/'RL3lnpkFD  + 
m”HUkT(Ipk‘  ITH) 


SSlnpktF2-1> 
ra  HL(Ipk‘  ITH>  Rb 


(13) 


(14) 


The  dlreot  modulation  link  noise  figure  1s  shown  In  Figure  5.  These  ourves  show  that 
when  large  Input  signal  levels  must  be  aooomodated,  the  fiber  optlo  link  will  seriously 
degrade  the  S/N.  However,  ror  low  Input  signal  levels  the  link  noise  figure  Is  given  by 
the  preamplifier  noise  figure,  F..  The  importance  of  using  lasers  with  low  RIN  is  also 
alaarly  indloated  by  Figure  5. 


There  are  Important  differences  between  direct  and  external  optical  modulation 
which  influence  the  performance  of  mlorowave  fiber  optlo  links.  We  will  now  derive 
expressions  whioh  describe  the  performance  of  a  link  incorporating  a  Maoh-Zehnder 
Interferometer  modulator.  The  extension  of  these  results  to  other  types  of  external 
modulators  follows  accordingly. 

The  optloal  power  out  of  the  modulator  is 
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p  •  V*1"2  -f?7  +  5  (1 

where  we  now  are  able  to  bias  the  laser  to  Its  peak  power  P  ^ .  We  define  the  modulator 
transfer  function  analogous  to  Eq  ( *1 )  i  p 


SL.\  .  lIlLS-lV  [°w/  ®W  3  (16) 
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The  fiber  link  transfer  function  then  becomes 

«M  ■  Wd  (,7) 

As  before,  Hh2  Is  the  overall  eleotrloal  transfer  function  from  modulator  to  dateotor. 
The  optical  path  transfer  factor  K-  will  generally  be  smaller  when  an  external  modulator 
is  used  beoause  of  the  propagatl onrloaa  (a  few  dB)  and  coupling  losses  In  the  modulator. 


Although  the  e.leotro-optio  modulator  Is,  itself,  a  noiseless  devloe,  It  passes 
along  the  thermal  noise  from  the  Input  amplifier  via  the  transfer  funotlon,  K„.  The 
laeer,  though  now  unmodulated,  etlll  contributes  noise,  which,  as  before,  may  be 
expressed  in  terms  of  the  laser  R1N,  Thus,  analogous  to  Eq  (10)  we  may  write  the  total 
noise  out  of  an  external  modulator  link  as 

"out  ■  HMNin+  Hc"l  +  N0  *  HMkTB  +  "c^W^IAS-1™^"!.8  +  2a(IBIAS-  WW'Vd  (18> 

where  Hc  la  the  oleotrloal  transmission  ratio  from  the  laaer  terminals  to  the  deteotor 
terminals  C*W  /*W  ].  H  will  generally  have  a  smaller  value  than  H,  beoause  of 
additional  optical  loseis,  a,  In  K-,  and  the  laaer  power  must  be  attenuated  by  some 
factor  y<l  from  Its  peak  value  to  prevent  optloal  damage  of  the  modulator.  Thus  H.  • 
ayH,.  RIN  refleots  the  faot  that  a  generally  lower  noise  laser  may  be  employed  than 
In  the  oase"of  direot  modulation,  R1NDM. 


We  may  then  write  the  nolee  figure  for  the  eleotro-optio  modulated  link,  F_nM, 
analogously  to  Eq  (11)  for  rDH  aa 

.  .  RINEOM(IBIAS"  ITH)  2rL,  THc1  .  2,(1bias"  1TH)FD,/|,LRD  [Hc][Hl]  (19 

b°m  ■ 1  +  — m — rj  — H^kt —  L“SJra 

Just  as  in  the  case  of  direot  modulation,  an  E-0  modulated  link  will  be  preceded 
and  followed  by  amplifiers  of  gains  Q1E0H,  Q2g0Hi  respectively.  In  the  oase  or  an  E-0 
modulated  link,  the  constraint  on  Q. gQM  is  dalfo  the  modulator  distortion  at  large 
modulation  depths,  m.  The  optloal  raioalatton  depth  for  an  E-0  modulator  for  small 
modulation  depths  la  given  by 


(20) 


PEAK  INPUT  SIGNAL  POWER,  dt) m 


PEAK  INPUT  SIGNAL  POWER,  dBm 


Figure  6.  Overall  link  noise  figure  of  an 
external  modulation  link  incorporating  a 
large  RIN  laser  diode. 


Figure  7.  Ovirall  link  noise  figure 
of  an  external  modulation  link 
incorporation  a  low  RIN  laser  diode. 
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The  constraint  on  G 
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f  EQM  oan  then  be  expressed  as 
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The  overall  link  noise  figure  is  them 


H„ 
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The  comparison  between  FDM,  end  FEQM,  Is  Illustrated  In  Figures  6  and  7.  In  both 
figures  we  assume  RIH.M  •  -130naB/Hz  anSnM  ■  0.3.  In  Figure  6,  we  also  take  RIN_0M  bo  be 
-130  dB/Hz  and  plot  FqH,  and  F_QML  for  various  values  of  ay.  Thts  corresponds  to  "he 
situation  where  we  arinualng  tflinsame  laser  for  both  the  direct  and  external  modulation 
links.  Direct  modulation  Is  dearly  superior.  In  Figure  7.  we  take  RIN_0(.  to  be  -1(0 
dB/Hz.  This  corresponds  to  the  case  where  a  low  noise,  low  bandwidth  llssr  Is  used  in 
the  external  modulation  link.  For  small  ay,  direct  modulation  is  still  superior,  but  for 
ay  1.  o MI.  oan  b*  significantly  smaller  than  F^^* 

To  summarize  the  most  significant  properties  of  direct  and  external  modulation 
1  Inks i 


o  The  contribution  to  the  link  noise  figure  from  the  post  amplifier  and  deteotor  shot 
noise  are  always  larger  In  an  external  modulation  link.  This  is  due  to  the  lower 
linear  modulation  depth,  m,  and  the  additional  optioal  losses,  a  end  y.  with 
presently  available  LlNbO,  guided  wave  modulatora,  these  are  the  dominant  noise 
sources  of  the  external  modulation  links. 

o  If  ldsntloal  lasers  and  bias  ourranta  are  used  In  direct  modulation  and  external 
modulation  links,  then  the  laser  noise  contribution  to  the  link  noise  figure  will 
be  larger  In  the  external  modulation  link,  due  to  the  lower  linear  modulation 
depth . 

o  Direot  modulation  links  operate  at  f  <  f  where  laser  RIN  is  large.  Laser  nolee  la 
the  dominant  noise  souroa  In  low  optioal  loss  direct  modulation  links. 

o  External  modulation  links  can  use  lasers  with  f  <<  f.  In  this  case  the  later  noise 
contribution  to  the  link  noise  figure  oan  be  negligibly  small.  It  the  optioal 
loassa  in  the  external  modulation  link  are  also  small,  than  the  external  modulation 
link  noise  figure  oan  be  lower  than  that  of  a  direot  modulation  link. 


Mlorowava  Fiber  Optic  Link  Performance 

In  the  preceding  aeotlons.  the  characteristics  of  the  transmitter  and  reoelver 
components  of  a  mlorowava  fiber  optic  link  and  the  lmpaot  of  these  oharaoterlstloa  on 
link  performance  have  bean  discussed.  In  this  section,  the  actual  performance  of  a  short 
link  will  be  described. 


•av 


Figure  8.  Experimental  arrangement  for  evaluating  the  performance  of  microwave 
fiber-optic  links. 
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Figure  9<  Experimentally  observed  link  S/N  for  a  dlreot  modulation  link. 

The  components  uaad  in  an  actual  link  art  shown  in  Figure  8.  This  link  haa  baan 
oharaotar lead  ovar  the  fraquanoy  range  of  2-8  OHa,  Wa  found  that  tha  Mitsubishi  ML  9 1 0 1 A 
laser  resulted  In  tha  bast  link  performanoa  due  to  Its  low  RIM  and  relatively  flat 
fraquanoy  response  In  tha  2-8  QHs  fraquanoy  range.  Tha  optioal  isolator  was  included  to 
minimise  optioal  feedbaok  into  the  laser  diode.  Optioal  feedbaok  from  the  near  and  of 
tha  single  mode  fiber  was  found  to  greatly  lnoreasa  tha  laaer  noise  whan  tha  leolator 
was  omitted.  Tha  reosiver  for  this  link  consisted  of  Sohottky  photodiodes  fabricated  at 
Kughaa  Researoh  Labs3  and  oommerolally  available  OaAa  amplifiers.  The  dominant  noise 
couroe  of  this  link  waa  the  laser  diode  nolaa.  The  fiber  optlo  link  had  an  rf  power 
loss,  i  of  33  dB  at  3  OH*.  The  rf  transfer  funotlon  Is  given  by  i 


hl  *  "l'WW  (23) 


Of  this  loss,  11  dB  was  attributable  to  tha  laser  DC  differential  quantum  efflolenoy  of 
281  per  facet,  10  dB  was  due  to  the  laser  parasitic  and  paokaglng,  which  reduced  the 
laser  efflolenoy  below  tha  DC  level,  12  dB  was  due  to  the  optioal  ooupllng  losses  and 
fiber  attenuation,  and  9  dB  was  due  to  the  deteotor  quantum  efficiency  of  351.  9  dB  of 
signal  gain  could  be  attributed  to  the  ratio  of  the  deteotor  to  laser  impedances  (R_  « 

50  a,  R,  >  6  n).  Although  we  do  not  believe  that  the  rf  link  loss  of  33  dB  resulted  in 
any  significant  degradation  of  the  link  performanoa  (see  Figure  4),  the  link  loss  oan 
probably  be  reduced  to  leas  than  15  dB  by  eliminating  the  lasor  paokaglng  rolloff, 
Improving  the  laser-fiber  ooupllng,  and  Improving  the  deteotor  quantum  efflolenoy. 

He  have  measured  tha  link  S/N  of  a  link  consisting  of  a  dlreotly  modulated 
Mitsubishi  ML5101A  laser,  a  250  m  single  mods  fiber,  a  Hughes  Sohottky  photodiode,  and 
aommerolal  OaAa  amplifiers.  The  signal  to  noise  per  unit  bandwidth  that  wa  were  able  to 
aohleve  is  shown  In  Figure  9.  Also  shown  in  this  figure  is  the  expeoted  link  S/N 
assuming  TO t  depth  of  modulation.  The  discrepancy  between  the  two  ourves  Is  partially 
due  to  a  lower  depth  of  modulation  in  tha  uotua.1  links,  particularly  at  the  higher 
frequenoles.  He  limited  the  rf  input  power  in  the  link  S/N  measurements  to  5  mH,  because 
of  oonoerns  about  the  effeot  of  large  rf  drive  powers  on  the  laser  reliability.  He  also 
observed  that  the  presenoe  of  the  rf  signal  made  the  laser  more  sensitive  to  optioal 
feedbaok.  Particularly  noticeable  was  an  lnoreasa  in  the  laser  noise  at  frequenoles  near 
the  modulation  frequency,  whloh  degraded  the  link  S/N  by  2-5  dB.  Eliminating  the  fiber 
did  not  slgnif loantly  change  the  link  S/N.  However,  oare  had  to  be  taken  to  minimize 
optical  feedbaok  from  the  fiber  ends. 

This  work  has  been  funded  in  part  by  Solid  State  Sciences  Division  of  the  Home  Air 
Development  Canter. 
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J.Pan,  US 

Have  you  measured  the  capacitance  of  your  GaAs  EOM? 


Author'*  Reply 

Yes,  1  to  2  pF, 
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ABSTRACT 

The  advantagaa  offered  toy  fiber  optlo  technology  have  surpassed  the  expectations  of 
even  the  most  optimistic  scientists  and  continue  to  unfold.  Within  about  eighteen 
years  the  progress  on  the  silica  doped  fiber  designs,  Including  step  Index  and  graded 
index  multimode  and  step  Index  single  mode,  has  led  to  extending  the  system  operating 
wavelength  from  0.85  um  to  1.3  um  and  beyond  with  a  significant  reduction  In 
attenuation  with  levels  approaohlng  0.25  dB/km.  Additional  experimental  work  on  other 
exotic  fiber  compositions  is  In  progress  with  anticipated  reduction  In  attenuation  to 
levels  of  10”3  dB/km, 

The  Army,  reoognlxlng  the  advantages  of  fiber  optlo  technology,  has  been  Involved 
In  the  development  or  fiber  optic  components  and  systems  with  the  main  objective  of 
replacing  the  twin  metallic  ooaxlal  oable1  .  The  Introduction  of  Tiber  optlos  In  a 
taotloal  environment  can  be  a  suooeas  only  if  the  components  comprising  the  system  can 
satisfy  the  unique  requirements  of  the  military  environment  and  also  oan  be  shown  to 
have  service  life  not  less  than  oomparable  equipments  used  In  the  commercial  fixed 
plant  communication  systems. 

This  paper  will  outline  the  unique  features  of  militarised  fiber  optlo  assemblies. 
The  stringent  requirements  that  make  taotloal  deployment  a  challenge  to  the  fiber  optlo 
industry  are  summarised,  The  requirements  are  broken  down  to  the  component  level, 
fiber,  oable  and  connector.  These  demands  on  componsnta  are  necessary  to  assure 
successful  system  operation.  The  compilation  of  specifications  Is  presented  In  tabular 
form  to  serve  as  a  reference  for  those  Interested  in  satisfying  a  host  of  ground  system 
needs, 

INTRODUCTION 

An  optical  flhsr  oable  aseembly,  for  use  In  taotloal  environment,  consists  of  one 
kilometer,  all  dielectric,  two-fiber  oable  'terminated  onto  hermaphroditic  taotloal 
connectors.  The  main  components  of  the  optloal  oable  assembly  must  be  Individually 
qualified  before  they  are  accepted  and  used  In  the  assembly.  The  most  stringent 
performance  requirements  that  must  be  met  by  the  optlaal  oable  and  connector  beTore 
acceptance  Tor  use  In  the  cable  assembly  are  reported  In  the  following  sections.  The 
slgnifioanoe  of  the  performance  of  the  cable  aseembly  in  the  performance  of  the  optloal 
subsystem  Is  also  described.  In  addition,  the  requirements  that  the  transceivers  have 
to  meet  are  reported  and  a  comparison  of  the  taotloal  and  fixed  plant  le  presented. 

FIBER 

The  optloal  fiber,  Figure  1,  In  order  to  be  accepted  and  packaged  In  the  oable  has 

TIGHTLY  BUFFERED  FIBER  CROSSECTION 


UCONDAAY  COATING 


Figure  1.  Tight  Buffer  Fiber  Construction 
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to  moat  a  number  of  stringent  requirements  derived  from  the  environment  In  which  the 
fiber  optic  system  Is  to  be  deployed.  In  general  the  operating  temperature  of  the 
fiber  Is  defined  between  -46°C  to  +71°C.  Within  this  range  the  attenuation  of  the 
optloal  signal  must  remain  within  some  predefined  levels  In  order  to  maintain  the 
optical  link  at  constant  lengths  or  within  predlotable  limits,  The  allowable  inorease 
In  attenuation  due  to  temperature  cycling  le  defined  as  0.5dB/km  maximum.  In  addition, 
the  optloal  fiber  has  to  meet  the  ruggedness  requirement  simultaneously  with  low 
temperature  attenuation.  It  has  been  determined  that  the  impact  teat  oan  easily  be  met 
if  the  appropriate  buffer#  have  been  aeleoted  and  applied  on  the  fiber  bringing  the 
fiber  outer  diameter  to  approximately  1.0  mm.  Currently  buffer  material#  have  been 
aeleoted,  applied  and  teated  ahowlng  attenuation  inorease  within  the  acceptable  limits. 
The  requirement  of  a  tight  buffer  la  of  the  utmost  importance  slnoe  It  provides  the 
necessary  degrue  of  ruggednesa.  The  optloal  fiber  ooatlngs  and  buffers  have  to  be 
seleoted  so  that  they  oan  be  meohanloally  strlppable  without  the  use  of  ohemloala.  The 
optloal  characteristics  of  the  fiber  are  mainly  dual  wavelength  operation  0.850  and 
1,300  urn  with  a  minimum  bandwidth  of  *400  MHZ-km.  The  dual  wavelength  requirement  la 
desirable  for  possible  use  of  the  same  oable  assembly  In  other  systems  emphasising 
short  link  lengths  up  to  *4  km.  Since  the  fiber  optlo  oable  assemblies  are  used  In  a 
mobile  setup,  demountable  oonneotiona  are  utilised.  The  quality  of  the  fiber  aa  far  as 
oonalatenoy  in  dimensions  and  numerical  aperture  dlreotly  affect  the  oonneotor 
performance,  It  haa  been  found  that  by  maintaining  the  fiber  core,  cladding  tolerances 
below  3  urn  and  ooro  elliptiolty  below  4*,  a  fractional  dB  oonneotor  oan  be  easily 
designed.  The  optloal  fiber  In  order  to  meet  the  rough  handling  has  to  be  proof  tested 
to  100  kpsl.  The  following,  Table  1,  summarises  the  requirements  before 
qualification  . 


TABLE  1 

OPTICAL  FIBER  REQUIREMENTS 


Fiber 

Attenuation 

Core 

Cladding 

Elliptiolty 

Maximum  Outer  Diameter 

Numerical  Aperture 

Bandwidth 

Proof  Teat  Level 

Temperature  Perrormanoe 

Construction 


Dual  Wavelength  0.85  &  1.3  urn 
2.5  dB/km  and  1.25  dB/km  respectively 
50  +  3  um 
1 2  5  +  3  um 
4*  “ 

1  mm 

0.22  4-  0.02 
400  MffZ -km 
100  kpsl 
-46°0  to  +71*0 
Tight  Buffer 


OABLE 

The  optical  fibers  are  uaed  in  cabling  onoa  qualified.  Ourrently  significant 
emphasis  haa  bean  placed  on  replacing  the  twin  ooaxlal  oable  OX-11230  with  fiber 
optics.  The  optloal  oable  which  will  replaoe  this  ooaxlal  metallic  oable  consists  of 
two  optloal  fibers  terminated  onto  hermaphrodltlo  oonneotors.  The  fiber  optlo  oable, 


CABLE  DESIGN 


QUAD  LAY  LKNQTH 
48mm 


KBVIAR  LAY  LINQTH 
■  1 10mm 


KIVLAR  QUANTITY 
4*7800  DTK 


BHBATH  THICKNIBI 
*  1.3mm 


COLOUR  CODBD 
Finns-  no.  natural 

FILLIRI:  BLACK 


Figure  2.  Two  Fiber  Taotloal  Oable  Orosaeotion 
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Figure  2,  la  designed  to  meet  a  number  of  challenging  requirements  or  which  Homo  are  of 
a  conflicting  nature,  l.e.  low  temperature  performance  and  ruggednesa.  More  ruggedneea 
Is  obtained  by  Increasing  the  cable  Jacket  thickness  but  an  extra  lnoreaoo  In 
attenuation  reaulta  due  to  unequal  expansion  and  contraction  coefficients  among  buffer 
material,  Kevlar  and  cable  Jacket  materials.  In  order  to  succeed  In  Introducing  this 
new  technology  Into  the  field,  extra  care  must  be  applied  so  that  the  minimum 
disturbance  Is  Introduced  on  the  present  way  of  doing  business,  l.e.,  minimize  the 
Impact  and  utilize  as  much  as  possible  the  presently  available  equipment.  To  meet 
these  constraints,  the  oabls  reels  used  with  CX-11230  and  all  the  anolllary  equipment 
are  also  utilized  for  Tiber  optics.'  The  present  reels  RC - 1» 53  which  are  used  to  carry 
300  m  of  twin  coaxial  cable  are  now  utilized  and  easily  carry  1,000  m  of  two  fiber 
cable.  The  above  constraint  together  with  the  two  men  lift  requirement  has  defined 
that  the  optical  oabls  diameter  shall  not  exceed  6  mm.  Baaed  on  the  oable  diameter 
DoD-STD-1678  the  lmpaot  load,  ruggednesa,  has  been  determined  to  be  between  1.5  and  2.5 
kg,  see  figure  3. 


Figure  3.  Linear  Regression  for  Fiber  Optic  O&ble  Impact  Testing  Based  on 
DoD-STD-1678 

The  minimum  tensile  strength  of  the  oable  Is  1,700  Newtons,  and  the  operating 
tensile  loading  Is  300  Newtons.  The  optical  fibers  and  strength  members  have  to  be 
stranded  and  Jaoketed  with  the  appropriate  materials  In  order  for  the  oable  performance 
during  temperature  eyollng  between  -46°0  to  +71*0  not  to  exceed  0.5  dB/km.  The  oable 
Jaoketlng  material  must  be  selected  so  that  the  oable  can  withstand  storage  at 
environments  -70°0  to  +85°0. 

The  optical  cable  shall  withstand  a  compressive  load  of  2,000  Newtons  and  the 
Jaoketlng  material  shall  exhibit  no  oraoks  or  defects  and  no  lnorease  In  attenuation. 
The  cable  shall  be  alno  designed  to  met  a  knot  teat  without  increase  In  attenuation 
when  It  la  wrapped  around  a  mandrel  of  five  times  the  cahle  diameter.  The  oable 
Jaoketlng  material  has  to  also  be  selected  to  meet  the  flammability  requirement  which 
oalla  Tor  burning  lesa  than  30  seoonde  and  distance  traveled  by  flame  less  than  four 
times  the  outer  olroumferenoe  of  the  oable,  The  oable  Jaoketlng  material  which  Is 
considered  the  key  of  the  suooeesful  oable  design  has  to  support  the  cable  structure 
and  meet  the  oyollo  flexing  requirements  versus  temperature,  the  freezing  water 
immerelon  test  and  the  long  term  aging  test  whloh  verifies  that  the  oable  can  provide 
servloe  for  30  years.  The  following,  Table  2,  summarizes  the  key  requirements  that  a 
taotloal  oable  should  meet. 


TABLE  2 

TAOTIOAL  FIBER  OPTIC  OABLE  REQUIREMENTS 


Oable  Construction 

All  dielectric 

METHOD 

Outer  Diameter  max 

6  mm 

Tensile  Strength 

1780  Newtons  (400  lbs) 

Temperature  Oyollng 

•■46»0  to  +71°C 

4020 

Storage 

MIL-STD-810D 

Altitude  Oyollng 

MIL-STD-810D 

520 

Freezing  Water  Immersion 

Ice  Crush 

D0D-STD-I67B 

4050 

Oyollo  Flexing 

DoD-STD-1678 

2010 

Cold  Bend 

DoD-STD-1678 

2020 

lmpaot  Damage 

1.  Room  Temperature 

DoD-STD-1678 

2030 
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2.  -46°C 

DoD-STD-1678 

2030 

3.  +71°C 

DoD-STD-1678 

2030 

Radial  Compressive 

Strength 

DoD-STD-1678 

2040 

Cable  Twist-Bend 

DoD-STD-1678 

2060 

Tensile  Loading 

DoD-STD-1678 

3010 

Flammability 

DoD-STD-1678 

5010 

Fungus 

Reasonably  Priced 

MIL-STD-810D 

508.3 

CONNECTOR 


In  order  to  provide  demountable  oonneotlona  the  proven  fiber  optlo  oablea  ahall  be 
terminated  onto  herniaphrodltlo  two  fiber  oonneotora.  The  oonneotora  have  to  be 
designed  and  meet  the  requirements  of  the  operating  environment. 

Based  on  the  toleranoes  Imposed  on  the  core,  oladdlng  and  oonoentriolty  It  Is  easy 
to  produce  oonneotora  with  Insertion  loss  below  1  dB.  The  oonneotors  have  to  be 
Installed  on  the  oable  so  as  to  provide  a  oable  retention  strength  of  1 7 BO  Newtons 
minimum,  equivalent  to  oable  breaking  strength.  For  the  taotloal  environment,  the 
oonneotor  design  shall  provide  for  field  termination  and  a  strain  relief  shall  be 
attached  In  order  to  proteot  the  optloal  fibers  for  excessive  bonding  at  the 
oonneotor's  end.  To  assure  multiyear  performance  the  oonneotor  lnterfeoe  shall  be 
designed  to  withstand  as  a  minimum  2,500  matlngs/unmatlngs  without  Increase  In 
Insertion  loss  or  need  for  oleaning. 

The  oonneotor  shall  meet  the  low  temperature,  high  temperature  and  temperature 
oyoling  and  temperature  shook  requirement  as  required  for  the  optloal  oable.  The 
optical  oonneotor  has  to  be  water  tight  and  meet  the  water  Immersion  requirement  which 
oall  for  immersion  In  6  foot  head  of  water  for  24  hours.  The  performance  of  the 
optloal  oonneotor  shall  not  be  affeoted  by  exposure  to  high  temperature  and  high 
humidity.  One  of  the  key  requirements  that  a  taotloal  oonneotor  has  to  meet  Is  field 
oleanablllty  without  the  use  of  speolal  kits.  The  following  Table  3  lists  the  test 
procedures  and  the  requirements  that  an  optloal  oonneotor  has  to  rauet  before  It 
qualifies. 


TABLE  3 

TACTICAL  FIBER  OPTIC  CONNECTOR  REQUIREMENTS 


Hermaphroditic 

Insertion  Loss 

Mating  Durability 

Ease  of  Interconnection 

Oonneotor  Tensile  Strength 

Adequaoy  of  Dust  Cap 

Field  Oleanablllty 

Impact 

Vibration 

Salt  Fog 

Fungus 

Leakage  (Immersion) 

Sand  and  Dust 
Temperature  Cyollng 
Temperature  Storage 
Altitude  Cyollng 
Freeslng  Water  Immersion 
Humidity 
Shook 
Weight 

Flammability 
Reasonably  Priced 


Two  Fiber  Oonneotor 


<  2  dB  Lens,  <  1  dB  Butt  Joint 
2,500  oyoles 

Minimum  Foroe,  Positive  Looking 
DoD-STD-1678,  Method  3010,  Prooedure  II 
MIL-STD-810D,  Prooedure  I,  Method  512.1 


No  Speolal  Kits  Allowed 
MIL-STD-1344,  Method  2015 
MIL-STD-1344,  Method  2005.1 
MIL-STD-1344,  Method  1001.1 
MIL-STD-810D,  Method  508.3 
MIL-STD-81CD,  Method  512.2 
MIL-STD-81CD,  Mothod  510.2 
MIL-STD-1344,  Method  1003.1 
DoD-STD-1678,  Method  4010 
MIL-3TD-8100,  Method  520 
DoD-STD-1673,  Method  4050 
MIL-STD-8101),  Method  507.2 
MIL-STD-810D,  Method  516.3 
0.36  kg  Plug/  0.3  kg  Reoeptaole 
MIL-STD-1344,  Method  1012 


TRAN3MITTEP3/RECEIVER3 

The  fiber  optic  transmitters  and  reoeivers  operate  at  1.3  um  wavelength  and  are 
comprised  of  LED  transmitters  and  PIN/FET  receivers.  The  physical  characteristics  of 
an  LED  transmitter  for  a  tactical  communications  system  are  listed  in  Table  4. 


TABLE  4 


LED  PHYSICAL  CHARACTERISTICS 


Packaging 
Fiber  Retention 
Fiber  Optic  Pigtail 

(Fiber  identloal  with  the  one  used 
heat  Transfer 
Fully  Hermetic 


14  Pin  Dual  Inline  Package 
10  N  (2.25  lbs  .* 

1  m  (39. 3  inohea ) 

In  oable) 

Provided  by  the  area  between  pins 
No  epoxlea  Internal  to  seal 
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The  optl:el.  transmitters  are  des<gned  tt.  meet  the  environmental  requirements  listed 
in  Table  5. 

TABLE  5 

LED  ENVIRONMENTAL  REQUIREMENTS 

Operating  Temperature  -55°C  to  +85°C 

Storage  Temperature  -55°C  to  +125°C 

(Humidity  performed  when  exposed  to  95#  RH 
for  continuous  and  intermittent  periods.) 

Barometric  Pressure 

1.  Storage  and  Transit  Sea  level  to  12200  m 

2.  Operating  sea  level  to  3050  m 

Vibration  and  Shook  Induced  during  transportation 

Radiation  Hardness 

Safety 

The  oharaaterlstlos  of  the  optical  transmitter  are  listed  in  Table  6. 

TABLE  6 

LED  OPTICAL  CHARACTERISTICS 


Peak  Output  Power  $  150  mA 

(Funotion  of  heat  sink  temperature) 
Emission  Spectra 
Drive  Current 
Absmax  Drive  Current 
Nominal  Forward  Voltage 
Drop  (Less  than) 

Bias  Conditions 

(No  performance  degradation 
after  subjection  to) 

Center  Wavelength  #  25°0 
Temperature  Dependence 

(Over  entire  operating  temperature 
Llnewidth  «  FWHM 

(Over  entire  operating  range) 
Optical  Rise/Pall  Time 
(10%  to  90%) 

and  Drive  Current  Change  From 
25%  to  100%  of 

Linearity  Sufficient  To  Maintain 
(Total  harmonic  dlatortlon) 

Contrast  Ratio  for 
4  Milliamperes 
Drive  Current 


See  Figure  4 


150  milliamperes 
200  milliamperes 
1.8  volts  9  150  mA 


IV  rev  bias  dir 

1250  +  15  nm 

0. 700~nm/°0 
range ) 

<  100  nm 

<  8  nanseoonds 


150  milliamperes 

<  15%  of  A0.P 

<  1.5%  of  output  P 
Defined  at 

150  milliamperes 
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The  transmitters  in  order  to  qualify  have  to  meet  the  requirements  Hated  In 
Table  7.  The  screening  tests  are  performed  in  accordance  with  MIL-3TD-750. 

TABLE  7 


LED  SCREENING  TESTS 


Fiber  Retention 
Internal  Visual 
Stabilization  Bake 
(At  max  temp) 

Temperature  Oyollng 
Constant  Acceleration 

(V,  orientation  10,000  Omln) 
Seal 

1.  Fine  Leak 

2.  Gross  Leak 
Radiography 
Burn-in  (168  hre) 

External  Visual 
Meohanloal  Shook 

(Half-size  pulse  I  100  Q's) 


MIL-STP-750,  Method 


1051  Test  Oond.  B 
2006 

1071 

Test  Oond.  H 
Test  Cond.  C 

2076 

1038  Test  Cond.  B 
2071 

MIL-STD-750,  Method  213 


PIN/FET  translmpedanoe  optical  receivers  have  been  seleoted  for  use  In  the  first 
tactical  communications  system.  They  are  qualified  to  hybrid  level  of  MIL-M-38510, 
including  radiographlo  Inspection. 

The  physioal  characteristics  of  PIN/FET  receiver  modules  are  listed  in  Table  8. 

TABLE  8 


PIN/FET  PHYSICAL  CHARACTERISTICS 


Packaging 
Lead  Material 
Finish 

Heat  Transfer 
Fiber  Optlo  Pigtail 
Fully  Hermetic 


1M  Pin  Dual  Inline  Package 
Type  A  or  B  per  MIL-M-38510 
Type  0 

Provided  by  the  area  between  the  pins 
Fiber  identical  to  fiber  in  cable 
No  epoxies  internal  to  seal 


The  PIN/FET  reoelvere  are  designed  to  meet  the  environmental  requirements  listed  in 
Table  9. 


PIN/FET  RECEIVER  ENVIRONMENTAL  CHARACTERISTICS 


Operating  Temperature 
Storage  Temperature 
Humidity  (Hermetloally  Sealed) 
Barometrlo  Preeaure 

1.  Storage  A  Transit 

2.  Operating 
Vibration  and  Shook 
Radiation  Hardness 


Post  Radiation  Exposure 
Responslvltty 

Post  Radiation  Frequency 
Response  (From  DC  to  15  MHz) 
Post  Noise  Voltage  (RMS) 


-46°C  to  +85°C 
-55°C  to  +125°0 
95*  RH 

Sea  level  upto  12200  m 
Sea  level  upto  3050  m 
Transportation,  rough  handling 
With  the  exception  of 

1.  Module  Reeponelvlty 

2.  Frequency  Response 

3.  Output  Nolee  Voltage 
94* 


285  to  420  mv  for  (-46  +  80°0) 

or  -46  to  22°0  285  mv 

23  to  35°0  317  rav 

36  to  80#C  420  mv 


The  oharaoteristlos  of  an  optioal  reoeiver  for  a  taotloal  communication  system  are 
listed  in  Table  10. 
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TABLE  10 

PIN/PET  RECEIVER  OPTICAL  CHARACTERISTICS 


Spectral  Sensitivity 
Optical  Damage  -  Withstanding 
Input  Optical  Power 
Level, (pp)  for 
5x10“ 11  BER 
Reaponslvlty  (No  A00) 

(Full  AQO) 

Frequency  Response 
Group  Delay 
Linearity 

Output  Noise  Voltage 
(Temperature  Dependent) 


1100  -  ltoo  nm 
5  mwatt.:' 

-44.5  dnm  to  —*4.5  dBm 
35.  5  uw  to  355  uw 

5.3  x  104  to  5.9xl04  v 
5. 3xl03  to  5.9x103  v  w 
w 

100  Hr.  to  20  MHz  min 
*4  nanseos  for  4  KHz  to  15  MHz 
1  dB  oompresslon/deoompresBlon  max 
180-265  mlorovolts  max 


Reoelver  sensitivity  versus  temperaure  Is  shown  in  Figure  5. 


TEMPERATURE  «C 


Figure  5.  Reoelver  Sensitivity  v  Temperature 


The  receivers  are  evaluated  In  aooordanoe  with  MIL-STD-883  for  qualification.  The 
screening  tests  are  listed  In  Table  11, 


TABLE  11 


PIN/FET  RECEIVER  SCREENIN0  TESTS 

Per  MIL-STD-883 
Method 


Fiber  Retention 

Internal  Visual 

10  N  min 

2017 

Stabilisation  Bake 

24  hrs  min 

1008  Cond  B 

Temperature  Oyollng 

1010  Cond  A 

Constant  Acceleration 

2011  Cond  B 

In  ,  orientation 

Visual* Inspection 

Defective  parts 

Interim  (Pre-burn-ln) 

Elootrloal  parameters 

Burn-In-Test 

160  hrs  1  100°0 

160  hrs  «  125°C 

1015 

Seal 

1.  Fins 

2.  Gross 

1014 

Radiography  Inspection 

2012 

Reslstanoe  to  Solvents 

2015 

Bond  Strength 

2011 

Moisture  Analysis 

6000  ppm  max 

1018 

at  100°C  and  1  atm  Pressure 


The  stringent  requirements3  that  a  taotloal  fiber  optio  syetem  muBt  meet  to  quail ry 
for  fielding  are  listed  end  compared  with  the  requirements  of  a  fixed  plant 
communications  system,  see  Table  12. 
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TABLE  12 

FIXED  PLANT  VERSUS  TACTICAL  FIBER  OPTIC  COMMUNICATIONS  SYSTEM 


ITEM 

FIXED  PLANT 

TACTICAL  SYSTEM 

Mobility 

Permanent  and  Proteoted 

Rapid  Mobility 

50)1  of  Systems  in  Plaoe  for 
<  10  hrs 

Installation 

Underground  or  Aerial 

On  Ground,  Underground  or 
Aerial 

Climate 

Stable  Environment 

Equipment  Easily  Qualifies 

Severe  Climatic  Conditions 
Materials  and  Equipment 
Speolfloally  Designed 

Radiation  Hardness 

Metallio  Strength  Members 
Commonly  Used 

Severe  Problems,  All 
Dleleotrlo  Cables  Required, 
Terminals  and  Equipment 
EMP/EMI  Resistive 

Cable  Length 

No  Slgnlfloant  Constraints 

Slgnlfloant  Constraints,  No 
Splloes,  Use  of  Connectors 
and  Existing  Deploying  & 
Retrieving  Equipment 

Durability 

No  Slgnlfloant  Problems 

Handling  and  Environmental 
Faotors  Neoessltate  Highly 
Durable  Cable 

Flexibility 

One  Time  Installation 

Handling  and  Low  Temperature 
Performance  Require  Highly 
Flexible  Cable 

Welght/Bulkinees 

No  Slgnlfloant  Problems 

Need  to  Reduoe  Installation 
Time,  Logistical 

Requirements  and  Improve 

Oost  Effectiveness 

Repeaters 

Repeaters  Might  Not  Be 
Required.  Repeaters  May  Be 
Remotely  Powered 

Repeaters  Required  Must  Be 
Fully  Mil-Qualified  and  Uses 
Battery  Power 

Anoillary  Equipment 

Industrial  Qrade 

Most  of  Equipments  Used  for 
Repair  or  Monitoring  Must  Be 
Mil-Qualified 

Installation 

Machinery 

Continuously  Improving 

Upgraded  Techniques 

Same  Equipment  as  the  One 
Used  for  Twln-Ooax  Cable 

Same  Techniques 

CONCLUSION 


When  the  physical,  environmental  and  optioal  oharaoteristios  of  a  taotloal  fiber 
optic  ayatem  are  examined,  It  beoomea  apparent  that  aignlfloant  differenoea  between 
fixed  plant  teleoommunloatlona  systems  and  taotloal  oommunloatlons  systems  exist.  The 
oomponents  and  ayatem,  aa  a  whole,  for  a  fixed  plant  Installation  will  not  meet  the 
requirements  of  a  taotloal  environment.  These  dlfferenoos  in  requirements  neoaasltate 
additional  researoh  and  development  work  to  obtain  aooeptablo  oomponents.  This  Is  a 
direct  cause  for  delays  in  fielding  and  lnoreaaee  in  coat  of  the  militarised  fiber 
optlo  systems. 
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DISCUSSION 


R.Kell,  Oe 

(1)  What  kind  of  lenses  do  you  use  in  your  fibre  connectors?  (2)  Is  the  coupling  efficiency  of  your  connectors  stable 
over  the  whole  temperature  range  you  mentioned’ 

Author’s  Reply 

(1 )  Cylindrical  lens.  (2)  There  is  an  approximately  0.4  dB  maximum  variation  allowed. 
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for  Tactical  Communications 
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SUMMARY 


Tactical  deployment  of  fiber  optics  communication  links  has  many  attributes  similar  to  that  of  wideband  sub¬ 
scriber  loops.  The  availability  of  single-mode  fibers  and  long  wavelength  devices  enables  the  system  designers  to  con¬ 
sider  new  link  design  with  muoh  improved  performance  not  presently  available  In  either  the  multimode  fiber  or  the 
traditional  metallic  conductor  systems.  In  this  paper,  we  propose  a  hybrid  transmission  scheme  on  single-mode  fibers 
in  a  star  configuration.  At  the  command  post,  a  primary  laser  and  Its  standby  laser  running  at  the  cw  mode  are  fol¬ 
lowed  by  an  optical  power  splitter.  Each  output  port  Is  then  externally  modulated  for  downstream  transmission.  At 
each  remote  site,  a  dedicated  LED  Is  used  for  upstream  transmission  where  the  bandwidth  requirement  and  therefore 
the  dispersion  penalty  is  generally  lower.  The  cost,  reliability  and  flexibility  of  this  hybrid  transmission  scheme  are 
examined.  The  use  of  bidirectional  WDM  devices  and  remote  external  modulators  with  polarization  control  is 
described  as  two  potential  variations  to  enhance  this  basic  hybrid  scheme.  The  deployment  of  such  a  system  will  pro¬ 
vide  cost-effective  transmission  links  In  a  tactical  environment  suitable  for  high  bandwidth  analog  and  digital 
transmission. 


1.  Introduction 

The  use  of  fiber  optics  for  tactical  communications  has  many  advantages  over  conventional  metallic  conductors. 
Most  applications,  to  date,  have  been  using  short  wavelength  multimode  fibers  to  replace  the  existing  metallio  conduc¬ 
tor  links.  LED  source  is  preferred  in  these  systems  because  of  Its  reliability,  simpler  transmitter  design  and  cost.10 

The  availability  of  rapidly  maturing  single-mods  fibers  and  long  wavelength  devices  enables  the  system  designers 
to  consider  new  tactical  link  design  with  muoh  improved  performance  not  presently  avatlablo  In  either  multimode  fiber 
or  metallic  conductor  systems. 

Many  of  the  considerations  derived  in  this  paper  are  first  studied  in  conjunction  with  the  deployment  strategy  of 
single-mode  fibers  in  the  subscriber  loops  for  wideband  service.11’  The  synergy  between  these  two  classes  of  applica¬ 
tions  will  enable  the  advances  in  one  to  benefit  the  other  in  the  years  to  come. 

The  paper  will  try  to  match  the  attributes  of  long  wavelength  fiber  technology  with  the  unique  requirements  of 
tactical  environment.  A  basic  hybrid  transmission  scheme  and  two  variations  for  enhancement  are  proposed  for  closer 
examination. 

2,  Issues  on  Single-Mode  Fibers  and  Sources 

In  the  first  generation  commercial  single-mode  systems  (Table  1),  the  links  are  designed  for  point-to-point 
transmission  with  direct  modulation  of  laser  current.  For  the  Intercity  transmission  where  long  repeater  spacing  (up 
to  40  km)  and  high  bit  rate  (up  to  680  Mb/s)  transmission  are  if  primary  concern,  this  is  an  effective  way  of  using 
single-mode  long  wavelength  technology.  However,  for  tactical  communlca'ion,  the  typical  dlsta.^e  between  the  com¬ 
mand  post  and  Its  remote  sites  is  much  shorter  than  the  maximum  achievable  repeater  spacing,  therefore  the  laser 
based  single-mode  fiber  link  may  prove  to  be  an  overkill  from  the  cost  and  reliability  polnt-of-view.  However,  the  use 
of  single-mode  fibers  running  at  zero-dispersion  wavelength  of  1.3  am  region  does  present  a  significant  Improvement  In 
bandwidth/blt  rate  handling  capability  over  the  multimode  fibers.  For  a  laser  based  slnglr-mode  system,  the  limita¬ 
tion  In  speed  comet  primarily  from  the  electronic  circuitry  such  at  transmitter,  receiver,  parallel  to  serial  converter, 
eneryptic  device,  and  digital  multiplexer,  However,  the  state-of-the-art  silicon  integrated  microwave  circuits  can 
operate  up  to  1  Ob/s  which  is  several  orders  of  magnitude  higher  than  the  achievable  speed  in  the  copper  based  sys¬ 
tem  and  It  expected  to  be  more  than  adequate  for  a  broad  range  of  new  high  speed  services  including  transmission  of 
high  definition  television  pictures.  The  availability  of  very  high  speed  logic  and  VLSI  will  push  the  design  of  the  next 
generation  tactical  links  to  handle  high  speed  serial  data  streams  instead  of  low  speed  parallel  data  carried  today  in 
most  of  the  metallic  links. 

Another  advantage  of  using  single-mode  fibers  over  multimode  fibers  Is  In  the  reduction  of  several  noise  sources. 
When  laser  diodes  are  used  as  sources  In  multimode  fiber  systems,  the  mode  partition  noise1”,  modal  noise14’  and  opti¬ 
cal  feedbaok  to  laser  cavity  can  cause  severe  performance  degradation.  These  noise  processes  are  usually  present 
simultaneously  In  a  laser  based  multimode  system,  but  are  essentially  absent  when  an  LED  is  used.  This  is  also  the 
main  reason  why  LEDs  are  preferred  over  laser  diodes  in  the  first  generation  tactical  fiber  optic  systems. 
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Having  established  that  single-mode  fiber  is  the  preferred  transmission  medium  for  high  speed,  high  performance 
link  in  the  tactical  environment,  let  us  now  examine  two  optical  source  strategies  for  such  applications, 

3.  Principle  of  Laser  Power  Sharing 

A  laser  power  sharing  scheme  is  proposed  to  share  the  cw  laser  power  among  many  users,  in  Figure  1,  we  place  a 
single  transverse  mode  laser  running  in  cw  mode  at  a  command  post  (denoted  as  central  node)  to  be  followed  by  an 
optical  power  splitter,  In  the  form  of  a  single  stage  1  by  N  star  coupler  or  a  cascade  of  optical  star  couplers,  to  evenly 
divide  its  output  power,  A  second  cw  laser  is  used  as  a  standby  to  enhance  the  optical  source  reliability  and  servicea¬ 
bility.  The  external  modulation  is  done  Immediately  following  the  power  splitting,  The  number  of  output  ports  in  the 
power  splitting  can  be  estimated  based  on  the  link  loss  budget  calculation.  Table  2  shows  that  up  to  41  and  371  ports 
can  be  served  by  one  laser  for  links  with  a  distance/bit  rate  of  10  km/140  Mb/s  and  4  km/50  Mb/s  respectively.  In 
the  tactical  deployment,  by  properly  cascading  power  splitters  with  different  numbers  of  output  ports  according  to  the 
distance/blt  rate  requirement  of  each  link  and  subject  to  the  overall  laser  power  constraint,  one  can  custom  Implement 
the  laser  power  sharing  scheme  to  a  very  high  degree  of  flexibility,  Since  various  optical  components  are  intercon¬ 
nected  by  connectors,  with  the  aid  of  a  simple  computer  program,  one  can  engineer  and  assemble  a  field  system  in  a 
very  short  time  (Figure  2),  The  key  to  this  flexibility  lies  in  the  availability  of  an  assortment  of  power  splitters  with 
N  as  small  as  two  and  as  large  as,  perhaps,  eight.  Since  the  two  lasers  and  all  the  power  splitters  are  located  cen¬ 
trally,  it  provides  easy  access  for  performance  monitoring  and  maintenance  aetivlties.  The  vulnerable  part  of  this 
scheme  is  limited  to  the  very  short  optical  path  between  lasers  and  the  first  star  coupler  (usually  several  inches). 
Failure  of  an  output  port  of  any  power  splitter  will  affect  at  most  one  subgroup  of  customers,  The  use  of  an  external 
modulator  has  the  added  advantage  of  eliminating  the  degradation  caused  by  the  optical  feedback  to  the  laser  cavity, 

4.  LED  On  Single -Mode  Fiber 

For  cost  effective  short  distance  wideband  transmission  (l.e.,  subscriber  loop),  LED  has  recently  been  Investigated 
as  an  optical  source.  This  radical  approach  suffers  two  major  penalties  making  it  unacceptable  for  consideration  in 
intercity  long  distance  transmission,  namely,  the  large  LED  single-mode  fiber  coupling  loss  (typically  30  dB)  and  the 
chromatic  dispersion  due  to  broad  LED  linewidth.  However,  recent  studies'”  indicated  that  by  using  off-the-shelf 
edge  emitting  diodes  with  some  minor  improvements,  a  distance  of  15  km  at  140  Mb/s  can  be  achieved  in  actual 
installation.  Further  Improvement  can  be  expected  when  the  edge  emitters  are  designed  for  maximum  power  coupling 
into  single-mode  fibers.  The  cost  and  reliability  advantages  of  LED  over  lasers  could  be  realized  in  these  single-mode 
fiber  installations  for  tactical  applications. 

5.  A  Hybrid  T ransmtssion  Scheme 

By  combining  the  best  of  these  two  novel  schemes,  we  propose  a  hybrid  transmission  scheme  on  single-mode  fibers 
by  using  two  shared  lasers  at  the  command  post  in  a  radiating  star  configuration  for  downstream  transmission  to  a 
multitude  of  remote  slteo.  In  each  remote  site  a  dedicated  LED  is  used  for  upstream  transmission  where  the 
bandwidth  requirement  and  therefore  the  dispersion  is  generally  lower.  External  modulation  is  done  at  the  command 
post  at  each  output  port  of  the  optical  power  splitter, 

PINFET  detectors  arc  used  at  the  command  post  and  throughout  all  remote  sites.  In  this  hybrid  scheme,  the  use 
of  lasers  is  reduced  to  a  minimum.  The  laser  power  can  be  flexibly  distributed  and  quickly  rearranged  according  to 
the  needs  in  the  tactical  situation.  Since  LEDs  are  used  in  all  remote  sites,  they  require  virtually  no  control  circuit 
and  the  performance  would  be  fulrly  stable  under  large  temperature  variations.  Thus,  the  scheme  provides  an 
optimum  solution  with  simplicity,  reduced  cost,  enhanced  capability  and  reliability, 

5.  Two  Variations 

By  properly  utilizing  wavelength  division  multiplexer  (WDM)  devices,  the  number  of  fibers  deployed  can  be 
reduced  by  half  or  even  further.  In  the  first  variation,  bidirectional  two-wavelength  WDM  devices  are  used  at  both 
ends  of  each  link'41.  In  this  scheme,  additional  power  should  be  allocated  to  account  for  the  loss  In  the  WDM  pair, 
typically  two  to  three  dBs. 

The  second  variation  Involves  the  use  of  unidirectional  WDM  devices'1’.  In  Figure  3  two  primary  cw  larers  (Xi,Xj) 
are  operating  at  the  command  post.  After  the  power  splitting,  the  modulated  signal  on  x,(l.Jum)  is  combined  with  an 
unmodulated  light  at  Xj  (l.Snm)  in  a  WDM  device  for  downstream  transmission,  Upon  WDM  demultiplexing  at  the 
remote  site,  the  signal  on  X,  is  detected  and  Xi  is  modulated,  then  looped  back  to  the  central  node  via  a  returning  fiber. 
In  this  sourceless  scheme  higher  losses  are  encountered  In  the  round  trip  path  (X2),  including  WDMs  (2-3  dB)  and  a 
polarization  controller  (2  dB).  The  latter  is  needed  in  front  of  the  external  modulator  at  the  remote  site  because  by 
the  time  cw  light  Xi  arrives  there,  the  originally  linearly  polarized  laser  beam  from  the  laser  source  would  have 
changed  its  state-of-polarization,  The  controller  acts  to  restore  the  state-of-polarization  to  be  linearly  polarized  again 
before  entering  the  optical  modulator.  This  transmission  scheme  will  remove  the  dispersion  constraint  imposed  by  the 
LEDs  In  the  hybrid  scheme.  In  order  for  this  scheme  to  be  successful,  however,  one  generally  needs  a  more  powerful 
laser  snurce  and  more  Importantly  the  availability  of  polarization  controller  and  external  modulator. 

7.  Device  and  Engineering  Issues 

To  Increase  the  number  of  output  ports  in  the  optical  power  sharing  scheme,  one  would  like  to  increase  the  avail¬ 
able  system  gain  (power  coupled  into  fiber  subtracted  by  the  receiver  sensitivity),  The  first  logical  step  is  to  increase 
the  coupled  cw  laser  power  beyond  the  typical  1  mw  achievable  in  today’s  semiconductor  lasers.  Since  these  lasers 
will  be  located  at  the  command  post  and  their  cost  shared  by  many  users,  the  cost  and  size  issues  become  less  critical. 
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One  might  consider  high  power  semiconductor  lasers”1  as  well  as  other  solid  state  lasers  as  sources  with  a  power  level 
up  to  100  mw,  but  not  to  exceed  the  power  threshold  of  generating  nonlinear  Raman  signals  at  longer  wavelength 
region  If  WDM  devices  are  to  be  used. 

At  this  power  level,  care  must  be  taken  to  safeguard  the  operation  personnel  by  devising  proper  operational  and 
maintenance  procedures  and  installing  interlocking  mechanisms  for  safe  operation  of  lasers.  The  danger  at  outside 
plant  or  remote  sites  is  much  reduced  because  the  power  is  quickly  divided  near  the  laser  sources.  By  the  time  it 
reaches  remote  site  it  is  on  the  order  of  several  dBs  above  the  receiver  sensitivity  which  is  quite  safe, 

While  the  cost  and  reliability  of  Integrated  optical  modulator  is  not  yet  well  established,  intrinsically  It  is  a  passive 
device  with  a  manufacturing  process  similar  to  that  of  silicon  VLSI,  Likewise,  the  LtNbO>  or  glass  waveguide  technol¬ 
ogy  may  lend  itself  for  cost-effective  mass  production  of  optical  splitters  and  WDM,  If  we  are  to  pursue  the  source¬ 
less  scheme  at  the  remote  sites,  the  polarization  controller  is  required.  It  Is  also  needed  in  the  receiving  part  of  any 
coherent  communication  link.  Today  it  exists  in  the  form  of  a  manually  adjustable  mechanical  device.  It  is  desirable 
that  a  miniaturized  version  incorporating  feedback  clrouitry  to  compensate  for  the  slow  variation  due  to  temperature 
and  aging  effect  be  developed01. 

8  Conclusion 

In  adapting  the  first  generation  long  wavelength  single-mode  technology  into  the  tactical  military  communication, 
we  propose  to  take  advantage  of  the  excess  power  of  laser  by  power  sharing  at  a  central  location  and  to  use  dedicated 
LEDs  at  remote  sites.  This  hybrid  transmission  scheme  has  many  desirable  attributes  in  cost,  compactness,  maintai¬ 
nability,  flexibility  and  reliability.  The  critical  element  that  needs  further  work  Is  the  external  modulator.  With  the 
deployment  of  such  a  tactical  communication  system,  each  link  Is  considered  as  a  virtual  universal  information  pipe 
for  analog  and  digital  transmission  for  low  bit  rate  voice,  data  at  any  speed,  Images  up  to  high  definition  television 
picture  and  even  multiplexed  video  signals. 


REFERENCES 

1.  D.  H.  Rice  and  O.  E,  Reiser,  "Application  of  Fiber  Optics  to  Tactical  Communication  Systems,"  IEEE  Com¬ 
munications  Magazine,  Vol,  23,  No.  3,  May  1983,  pp.  46-37. 

2.  S,  S,  Cheng,  "Novel  Systems  Architecture  for  Broadband  Distribution  in  the  Local  Access  and  Transport 
Areas,"  OFC’85  Digest,  Feb.  1985,  pp.  8-9. 

3.  K,  Ogawa  and  R.  W.  Vodhaned,  "Measurement  of  Mode  Partition  Noise  of  Laser  Diodes,"  IEEE  Quantum 
Electronics  Vol.  18,  July  1982,  pp.  1090-1093, 

4.  R.  E,  Epworth,  "Modal  Noise,  Causes  and  Cures,"  Laser  Focus,  September  1981,  pp,  109-113. 

5.  P.  W,  Shumate,  Jr„  et  at.,  "Transmission  of  140  Mb/s  Signals  over  Single-Mode  Fiber  Using  Surface  and 
Edge-Emitting  1.3  m  LEDs,"  Electronics  Letters,  Vol,  21,  No,  12,  June  1985,  pp,  522-524. 

6.  J.  D.  Spallnk  et  al„  "Bi-directional  1.3  um/1.5  urn  WDM  Fiber-Optic  144  Mb/s  Transmission  System  Experi¬ 
ment,"  OFC’83  Digest,  March  1983,  pd.  1. 

7.  Y.  Sakaklbaro  et  al.  "High  Power  1,3  pro  InOaAsp  P-Substrate  Buried  Crescent  Laser  Diode,"  OFC'85  D,gest, 
Feb.  1983,  pp.  12-13, 

8.  P.  Granestrand  et  al„  "Active  Stabilization  of  Polarization  on  a  Single  Mode  Fiber,"  Electronics  Letter,  Vol.  20, 
No.  9,  April  1984,  p.  365. 


TABLE  1 


CHARACTERISTICS  OF  FIRST  GENERATION 
SINGLE-MODE  LIGHTWAVE  SYSTEMS 


•  Multiple  DS3  (0-12)  Intercity  Transports,  Using  Bit  Stuffing  Multiplexers 

•  Line  Rates;  417-680  Mb/s,  Usually  Without  Crossconnect  At  Intermediate 
Or  Final  Rate 

t  High  Performance  1,3  Laoer  With  Direct  Current  Modulation  For 
Polntrto- Point  Link 

•  Engineered  Repeater  Spacing:  20-40  km,  Lois  Limited 

•  Some  Upgradable  To  Handle  An  Aggregate  Of  1,8-2. 2  Gb/s  Input  Signal 
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TABLE  2 

LOSS  BUDGET  OF  TWO  SHARED-LASER  LINKS 
IN  TACTICAL  SITUATION 


Link  Parameter! 

140  Mb/s  at 

10  Km 

50  Mb/s  at 

4  Km 

Laier  power 
into  fiber  (dBm) 

0 

1 

0 

Receiver 

sensitivity  (dBm) 
at  10"’  BER 

•42 

-46 

Syitem  gain 
(dB) 

42 

46 

Exceu  Lon 
in  splitters 

2 

(cascade  of 

2  splitters) 

3 

(cascade  of 

3  splitters) 

Installed* 
fiber  Ion 

12 

4.8 

Iniertlon  Ion 
of  modulator 

3 

3 

Connector  Ion 
at  both  end! 

2.8 

(4  connectors) 

3,3 

(3  connectors) 

System  margin 

6 

6 

Available  power 
for  splitting  (dB) 

16.2 

25.7 

Equivalent  number 
of  output  ports 
in  splitting 

41 

371 

•Connector!  are  generally  used  In  tactical  links  In  lieu  of  permanent  splices.  0,7  dB/connection  per  kilometer  li 
aiitumed  here  and  the  unconnectorized  cable  Ion  it  aniumed  to  be  0.3  dB/km  at  1.3  m 
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FIGURE  1 

A  HYBRID  WIDEBAND  TRANSMISSION  SCHEME 
FOR  TACTICAL  COMMUNICATIONS 


Signal 

M  •  External  Modulator 
D  •  Optical  Dataotor 

FIGURE  2 


FLEXIBILITY  IN  LASER  POWER  SHARING 


exaeoe  Ion,  connector  low  and  non -uniformity  In  power 
(putting  ora  Ignored 

— Optical  connoetor 

FIGURE  3 


A  SOURCELESS  WIDEBAND 
LOOP  ARCHITECTURE 


loior  aourow  (harod  and  looatod  at  control  node  only 
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DISCUSSION 


You  have  shown  a  star  coupler  in  combination  with  an  array  of  modulators.  You  said  that  it  is  intended  to 
monolithicully  integrate  the  LD  source  in  the  same  substrate.  So,  the  substrate  must  be  GaAs  or  InP.  When  do  you 
believe  such  a  device  will  be  available  at  least  as  a  laboratory  prototype? 

Author's  Reply  ,  .  .  . 

For  GaAs  in  the  0.8— 0.9  um  region  it  is  possible  to  do  such  integration  now,  For  long  wavelength  region  it  may  take 

several  years  before  laboratory  prototype  devices  become  available. 


B.Schwaderer,  Go 

If  I  have  picked-up  the  right  figures  from  your  slides,  the  fibre  from  the  central  note  down  to  the  remote  note  has  l  .2 
dB/Km,  but  in  the  reverse  direction  you  have  shown  0.45  dB/Km  to  use  the  ELED,  Can  you  comment  on  this? 


Author's  Reply 

The  0.45  dB/Km  loss  was  the  actual  loss  measured. 
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